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Abstract

Objective

Aliskiren is a direct renin inhibitor which is suggested to modify proangiogenic cells in addi-

tion to lower blood pressure. Given that angiogenesis is impaired in the presence of diabe-

tes mellitus, we would like to investigate whether and how aliskiren enhances endothelial

progenitor cells (EPCs) and improves ischemic-induced neovasculogenesis by an effect

independent of blood pressure reduction in diabetic animals.

Methods

Streptozotocin-induced diabetic mice were administered with either aliskiren (5 or

25 mg/kg/day) using an osmotic pump or hydralazine (2 or 10 mg/kg/day) given in drinking

water for two weeks prior to a hind-limb ischemia surgery. Laser Doppler imaging and flow

cytometry were used to evaluate the degree of neovasculogenesis and the circulating levels

of EPCs, respectively.

Results

In streptozotocin-induced diabetic mice, aliskiren enhanced the recovery of limb perfusion

and capillary density, increased the number of circulating Sca-1+/Flk-1+ EPC-like cells, and

elevated the levels of the plasma vascular endothelial growth factor (VEGF) and stromal

cell-derived factor (SDF)-1α in a dose-dependent manner, whereas there were no such

effects in hydralazine-treated mice. Intraperitoneal administration of anti-SDF-1 neutralizing

monoclonal antibodies abolished the effects of aliskiren.
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Conclusions

Independent of the reduction of blood pressure, aliskiren enhanced ischemia-induced neo-

vasculogenesis in a dose-dependent manner via VEGF/SDF-1α related mechanisms in dia-

betic mice.

Introduction
Angiogenesis is impaired in the presence of peripheral arterial disease, which is frequently seen
in patients with type II diabetes mellitus (DM), hypertension, or both [1]. Endothelial progeni-
tor cells (EPCs) derived from bone marrow can be mobilized endogenously in response to vas-
cular injury and tissue ischemia, which may contribute to vascular repair, angiogenesis, and
neovascularization [2,3]. In either type 1 or type 2 DM, the number and function of EPCs can
be reduced by hyperglycemia and may contribute to the development of peripheral vascular
complications [4,5]. Clinically, peripheral arterial disease associated with impaired angiogene-
sis and neovascularization may be one of the major causes of unhealed wounds resulting in
morbidity and mortality in diabetic patients.

Renin is secreted by kidney and catalyzes angiotensinogen to angiotensin I, which is the
rate-limiting step in renin-angiotensin-aldosterone system (RAS). In clinical or experimental
DM, RAS may be activated to induce high blood pressure and systemic vasculopathy. The RAS
inhibitors such as angiotensin converting enzyme inhibitors (ACEIs) and angiotensin AT1-re-
ceptor blockers (ARBs) perform vascular protection by blocking the effects of angiotensin II
[6], and/or by increasing the effects of bradykinin in the presence of DM. However, such effects
may also reduce the feedback inhibition of renin synthesis by angiotensin II, resulting in a reac-
tive rise in plasma renin [7]. Little is known about the potential effects of renin on peripheral
vascular protection.

Aliskiren, a novel non-peptide and oral renin inhibitor, can directly inhibit plasma renin
activity and its enzymatic effects on angiotensinogen [8]. Recently, aliskiren was shown to in
vivo anti-inflammatory effects [9], to reduce atherogenesis [10], and to exert synergistic cardiac
protective effects with ARBs on experimental myocardial infarction [11]. However, the poten-
tial mechanisms of direct vascular protection by aliskiren have not been well elucidated.

Clinically, the treatment of aliskiren is mainly for blood pressure control in hypertensive
patients including those with type 2 DM. While aliskiren in combined with ACEIs or ARBs
was not a useful strategy and resulted in early termination of clinical trials in patients with both
diabetes and renal disease, low-dose aliskiren (150 mg/daily) in association with ACEIs or
ARBs may demonstrate a good tolerability profile without adverse events in simple hyperten-
sive diabetic patients [12]. Thus, though not recommended given in combination with ACEIs
or ARBs, aliskiren was suggested to be used alone as an equivalent alternative to ACEIs or
ARBs in type 2 DM patients with renal impairment [13]. However, it was not known if aliski-
ren, with both angiotensin II dependent and independent mechanisms, may prevent vascular
impairment in the presence of DM.

Interestingly, aliskiren is recently shown to increase circulating EPC numbers in DM
patients with hypertension [14]. In addition, the Vascular endothelial growth factor (VEGF)
and chemokine stromal cell-derived factor-1α (SDF-1α) are reported to enhance the mobiliza-
tion of bone marrow-derived EPCs and considered as markers of neovascularization [15,16].
Therefore, it raises a possibility that aliskiren may increase EPC numbers and prevent diabetic
vasculopathy via the VEGF and SDF-1 related mechanisms. Thus, in this study, we sought to
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investigate whether and how aliskiren modifies EPC numbers and improves neovasculogenesis
using DM animals with hindlimb ischemia, which is a model of diabetic peripheral vascular
disease.

Materials and Methods

Diabetic animal model
The 6-week-old male FVB/NJNarl mice were purchased from the National Laboratory Animal
Center (Taipei, Taiwan). The animals were raised according to the regulations of the Animal
Care Committee of National Yang-Ming University. After a 2-week stabilization period, hyper-
glycemia was generated in 6-week-old male FVB/NJNarl mice by the intraperitoneal injection
of streptozotocin (40 mg/kg for 5 days). In each animal, blood pressure and heart rate were
measured regularly through a tail cuff using a noninvasive automatic sphygmomanometer.
Body weight and blood sugar concentration were also monitored both at baseline and regularly.
Overall, the mice should show a blood glucose level of at least 225 mg/dl during the second
week before they could proceed to the following protocol.

Experiment protocols
About 1 week after the diabetes was established with the confirmation of significantly increased
blood glucose level, either aliskiren (5 or 25 mg/kg/day) diluted in PBS (n = 12 in each group),
olmesartan (10 mg/kg/day) (n = 6), candesartan (20 mg/kg/day) (n = 6) or PBS alone (n = 12)
were administered to the diabetic mice via an osmotic minipump (Alzet model 2006) for 6
weeks. Hydralazine (2 or 10 mg/kg/day) (n = 12 in each group) was given in the drinking
water. In the hydralazine-treated group, we measured the amount of the water they drank
daily. The blood pressures were also measured weekly to make sure the accurate drug delivery.
The doses of the drugs were chosen according to the reference [10,17–20]. Aliskiren and olme-
sartan were kindly given from Novartis and Pfizer respectively. Candesartan and hydralazine
were purchesed from Sigma.

Some diabetic mice received both aliskiren (25 mg/kg/day) and intraperitoneal injection of
anti-SDF-1 neutralizing monoclonal antibody (mAb, 50 μg; R&D) 3 times per week up to 2
weeks. Mouse IgG1 isotype was administrated as a control. The protocol of animal study was
approved by the Institutional Animal Care and Use Committee (IACUC) of National Yang-
Ming University, Taipei, Taiwan, ROC. The study was conducted according to European Com-
mission guidelines. (Fig 1).

Mouse hindlimb ischemic model
After receiving different drug treatment for 2 weeks, the animals in the individual group were
anaesthetized by i.p. injection of Xylocaine (2 mg/kg) plus Zoletil (5 mg/kg). The unilateral
hindlimb ischemia was induced at the second week of the drug-treatment period by excising
the right femoral artery. Briefly, the proximal and distal portions of the right femoral artery
and the distal portion of the right saphenous artery were ligated. Hindlimb blood perfusion
was measured regularly with a laser Doppler perfusion imager system (Moor Instruments Lim-
ited, Devon, UK). To avoid the influence of ambient temperature and the blood pressure
changes of the animals, the results were expressed as the ratio of perfusion in the ischemic
(index) versus nonischemic limb (control). The animals were sacrificed for the following stud-
ies 4 weeks after the establishment of hindlimb ischemia.
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Measurement of capillary density in the ischemic limb
Both the index and control limbs were fixed in 4%paraformaldehyde then embedded in paraf-
fin. Sections were de-paraffinized and incubated with a rat-monoclonal antibody against
murine CD31 (BD). Antibody distribution was visualized with the avidin-biotin-complex tech-
nique and Vector Red chromogenic substrate (Vector Laboratories), followed by counterstain-
ing with hematoxylin. Three cross-sections were analyzed for each animal and ten different
fields from each tissue preparation were randomly selected, and visible capillaries were
counted.

Detection of the mobilization of EPC-like cells by flow cytometry
The mononuclear cells were incubated with fluorescein isothiocyanate (FITC) anti-mouse Sca-
1 (eBioscience) and phycoerythrin anti-mouse Flk-1 (VEGFR-2, eBioscience) antibodies at 4°C
for 30 minutes. The expression of Sca-1+/ Flk-1+ cells (EPC-like cells) in mononuclear cells
were analyzed by flow cytometry with a Cytomic FC 500 (Beckman-Coulter, Miami, FL). For
analysis, 105 circulating cells were quantified by enumerating Sca-1+/ Flk-1+ cells and were
scored using a CXP software (Beckman-Coulter).

Western blot of ischemic thigh muscles
Ischemic thigh muscle samples were prepared by homogenizer (MICCRAD9, ART Prozess &
Labortechnik GmbH & Co. KG) on ice to avoid protein damage. Equal amounts of protein
were subjected to SDS-PAGE electrophoresis using 4–12% gradient gels under reducing condi-
tions (Bio-Rad Laboratories) and transferred to nitrocellulose membranes (GE Healthcare).
Membranes were incubated with antibodies against Hypoxia-Inducible Factor (HIF)-1α
(Novus), p-eNOS (Ser1177) (Millipore), VEGF (sc-507, Santa Cruz Biotechnology), SDF-1
(3530, Cell Signaling), and (P)RR (Novus). The immunoblotting expression of HIF-1α, VEGF,
and SDF-1 was normalized using a mouse monoclonal anti-α-actin antibody.

Quantitative RT-PCR of ischemic thigh muscles
HIF-1α, VEGF, SDF-1, and eNOS mRNA expression in mice ischemic thigh muscles were veri-
fied by quantitative RT-PCR. Total RNA was isolated using GeneJET RNA Purification Kit

Fig 1. Time line of in vivo study.

doi:10.1371/journal.pone.0136627.g001
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(Thermo Scientific) according to the manufacturer’s protocol. The complement DNA was syn-
thesized from RNA using Maxima First Strand cDNA Synthesis Kit for RT-qPCR (Thermo Sci-
entific). Mouse HIF-1α forward and reverse primers were: 5- AACCTGGCAATGTCTCCT-3
and 5- GCAACCTCTTGATTCAGTGCAG-3, respectively. Mouse VEGFA forward and
reverse primers were: 5- TTTCGGGAACCAGACCTCTCA-3 and 5- AGGACTGTTCTGTC
AAC-3, respectively. Mouse SDF-1 forward and reverse primers were: 5-CTCTGCATCAGT
GACGGTAA-3 and 5-TTCAGCCGTGCAACAATC-3, respectively. Mouse eNOS forward
and reverse primers were: 5-TATTTGATGCTCGGGACTGC-3 and 5-GGAACACTGTGAT
GGCT-3, respectively. Primers were purchased from GE Healthcare Dharmacon. The GAPDH
served as an internal control. The assay was performed using the StepOnePlus Real-Time PCR
System utilizing TaqMan Universal PCR mix (Applied Biosystems). Relative quantification
determines the change in expression of target transcripts in the thigh muscles from treated
mice relative to the thigh muscles from untreated diabetic mice (vehicle (PBS)-treated mice.
Relative quantification was calculated using Applied Biosystems SDS software based on the
equation RQ = 2-ΔΔCt, where RQ is relative quantification and Ct is the threshold cycle to detect
fluorescence. Threshold cycle data were normalized to the internal standard, GAPDH, using
the formula: ΔCt = target Ct–GAPDH Ct. Also, ΔΔCt was calculated as ΔΔCt = ΔCt (treated
mice)– ΔCt (control). The primers and TaqMan probes for detection of HIF-1α, VEGF, SDF-1,
eNOS, and GAPDH transcripts were from Applied Biosystems. In this part, we also used
beta actin as the other housekeeping gene (Actin beta TaqMan Gene Expression Assay (ID:
Mm00607939_s1, Life technologies, USA)) and conducted the same quantitative RT-PCR
experiments.

ELISA
Plasma concentrations of VEGF, SDF-1α, and angiotensin II proteins in mice at 14 days after
hindlimb ischemia were determined by ELISA (mouse CXCL12/SDF-1α, MCX120, and VEGF
ELISA kit, R&D system; angiotensin II SPIE-IA kit, Bertin Pharma) according to manufactur-
er’s instruction.

Statistical analysis
Results are given as means ± standard errors of the mean (SEM). Statistical analysis was done
by unpaired Student’s t test or analysis of variance, followed by Scheffe’s multiple-comparison
post hoc test. SPSS software (version 14; SPSS, Chicago, IL, USA) was used to analyze data. A p
value of<0.05 was considered statistically significant.

Results

Aliskiren improved neovasculogenesis and enhanced EPC-like cell
mobilization in ischemic hindlimbs of diabetic mice
The animals treated with high dose and low dose of hydralazine were used as blood pressure
control groups. There were no differences in blood pressure reduction between aliskiren
treated group and hydralazine treated group either in high dose comparison or in low dose
comparison (Fig 2A and 2B). Blood flow in the ischemic hindlimb was equally reduced by hin-
dlimb ischemia surgery in each group of diabetic mice (Fig 2C). Perfusion recovery was
markedly attenuated in the hydralazine or PBS groups compared with the aliskiren groups dur-
ing the postoperative weeks (Fig 2C and 2D). Immunohistochemical analysis revealed that
capillary density in the ischemic limb was increased in the aliskiren treated mice compared
with that in PBS treated mice. There was no significant increase in the hydralazine treatment
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Fig 2. Aliskiren does-dependently improved neovasculogenesis and enhanced EPC-like cell mobilization in ischemic hindlimbs of diabetic mice.
Systolic blood pressure (n = 12; A), diastolic blood pressure (n = 12; B). Foot blood flow monitored in vivo by LDI in each group of diabetic mice.
Representative evaluation of the ischemic (right) and non-ischemic (left) hindlimbs, before, immediately after, and 4 weeks after the surgery. In color-coded
images, red indicates normal perfusion and blue indicates a marked reduction in blood flow in the ischemic hindlimb. Blood flow recovery was markedly
improved in aliskiren (5 or 25 mg/kg/day) treated mice compared with untreated mice (n = 12; C, D). Anti-CD31 immunostaining showed increased number of
capillary formation in aliskiren (5 or 25 mg/kg/day) treated groups (E). EPC-like cell mobilization after tissue ischemia was determined by flow cytometry.
Pretreatment with aliskiren (5 or 25 mg/kg/day) significantly enhanced the number of circulating EPC after ischemia (n = 6; F). C represented untreated
diabetic mice (vehicle (PBS)-treated mice); AL represented aliskiren low dose (5 mg/kg/day); AH represented aliskiren high dose (25 mg/kg/day); HL
represented hydralazine low dose (2 mg/kg/day); HH represented hydralazine high dose (10 mg/kg/day). Statistical analysis was done by unpaired Student’s
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group than in PBS treated group (Fig 2E). Furthermore, the number of EPC-like cells was
increased in a dose-dependent manner by aliskiren treatment (5 or 25 mg/kg/day) for 2 weeks
in diabetic mice. The similar increase was also seen after the induction of hindlimb ischemia
(Fig 2F). Furthermore, immunostaining data revealed that aliskiren could increase both
CD34-positive homed hematopoietic stem precursor cells and CXCR4 signals at the ischemic
site of diabetic mice (S1 Fig). These findings indicated that aliskiren could enhance neovascu-
logenesis in response to tissue ischemia in a dose-dependent manner in diabetic mice. The ben-
eficial effects of aliskiren could be independent to blood pressure reduction since blood
pressure changes were similar between aliskiren and hydralazine treatment groups (Fig 2A
and 2B).

Aliskiren up-regulated muscular HIF-1α, VEGF, SDF-1α, and (P)RR
expression in ischemic limbs
Compared with PBS treatment, aliskiren (5 or 25 mg/kg/day) but not hydralazine (2 or
10 mg/kg/day) dose-dependently increased the expression of HIF-1α (Fig 3B) VEGF (Fig 3C),

t test or analysis of variance, followed by Scheffe’s multiple-comparison post hoc test. A p value of <0.05 was considered statistically significant. *p < 0.05,
**p < 0.01 compared with same group before treatment.

doi:10.1371/journal.pone.0136627.g002

Fig 3. Differential effects of aliskiren and hydralazine on protein andmRNA expressions in index thigh muscles in diabetic mice with hindlimb
ischemia.Western blots of HIF-1, VEGF, SDF-1α, and actin (n = 6; A). The individual expression of HIF-1, VEGF and SDF-1αwas increased in aliskiren (5
or 25 mg/kg/day) treated group (n = 6; B, C, D). (P)RR expressions were also enhanced in aliskiren-treated groups (n = 6; E). However, the expression of p-
eNOS was not changed by aliskiren (n = 6; F). Quantitative RT-PCR for the effects of aliskiren on mRNA expressions in thigh muscles in diabetic mice with
hindlimb ischemia (n = 6; G). N represents thigh muscles from n different individuals, and thigh muscles from each individual were experimented for 3
independent experiments. C represents untreated diabetic mice (vehicle (PBS)-treated mice); AL represents aliskiren in low dose (5 mg/kg/day); AH
represents aliskiren in high dose (25 mg/kg/day); HL represents hydralazine in low dose (2 mg/kg/day); HH represents hydralazine in high dose (10 mg/kg/
day). Statistical analysis was done by unpaired Student’s t test or analysis of variance, followed by Scheffe’s multiple-comparison post hoc test. A p value of
<0.05 was considered statistically significant. *p < 0.05, **p < 0.01 compared with untreated diabetic mice (vehicle (PBS)-treated mice).

doi:10.1371/journal.pone.0136627.g003
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or SDF-1α (Fig 3D). The co-immunoprecipitation analysis also showed that SDF-1 did com-
plex with CXCR4 (S2 Fig). Aliskiren also enhanced (P)RR expression in ischemic limbs com-
pared with untreated diabetic mice (Fig 3E). Neither aliskiren nor hydralazine altered the
expression of phosphorylated eNOS (p-eNOS) (Fig 3F). The plasma concentration of nitrite/
nitrate was not changed after aliskiren or hydralazine treatments (S3 Fig). We also used
L-NAME, an NO inhibitor, to teste whether NO was involved in the aliskiren related mecha-
nism by co-treatment with aliskiren and L-NAME. The results showed that co-treatment with
L-NAME do not abolish the beneficial effects of aliskiren on decreased blood pressures and on
angiogenesis (S4 Fig). The effects of aliskiren on mRNA expressions in thigh muscles in dia-
betic mice with hindlimb ischemia were also confirmed by quantitative RT-PCR. Aiskiren
dose-dependently increased the mRNA expression of HIF-1α, VEGF, and SDF-1α while
GAPDH was used as the housekeeping gene (Fig 3G). The similar results were also shown
with beta actin as the other housekeeping gene (S5 Fig).

Aliskiren increased plasma angiogenic cytokine SDF-1α and VEGF
levels after hindlimb ischemia
ELISA assay was performed on mice plasma 2 weeks after ischemic surgery. Plasma SDF-1α
and VEGF levels were significantly increased by aliskiren (5 or 25 mg/kg/day) but not by
hydralazine (2 or 10 mg/kg/day) treatment in comparison with that by PBS (Fig 4A and 4B).
Besides, angiotensin II concentrations were decreased after aliskiren treatments in ischemic
mouse model of diabetic mice (Fig 4C).

SDF-1α was essential to the effects of aliskiren on neovasculogenesis
after hindlimb ischemia
Intraperitoneal injection of the anti-SDF-1 neutralizing mAb abolished the effects of aliskiren
(25 mg/kg/day) (Fig 5A and 5B). Compared with aliskiren alone, the combined treatment
with aliskiren and anti-SDF-1 mAb significantly reduced the capillary density in the ischemic
limb (Fig 5C) and the number of circulating EPC-like cells either before or after hindlimb
ischemia surgery (Fig 5D). Also, anti-SDF-1 neutralizing mAb impaired endogenous SDF-1 in

Fig 4. Differential effects of aliskiren and hydralazine on protein expressions in plasma in diabetic mice with hindlimb ischemia. The individual
plasma level of VEGF and SDF-1α was increased in aliskiren (5 or 25mg/kg/ day) treated groups (n = 6; A, B). Angiotensin II concentrations were decreased
after aliskiren treatments in ischemic mouse model of diabetic mice (n = 6; C). C represents untreated diabetic mice (vehicle (PBS)-treated mice); AL
represents aliskiren in low dose (5 mg/kg/day); AH represents aliskiren in high dose (25 mg/kg/day); HL represents hydralazine in low dose (2 mg/kg/day);
HH represents hydralazine in high dose (10 mg/kg/day). Statistical analysis was done by unpaired Student’s t test or analysis of variance, followed by
Scheffe’s multiple-comparison post hoc test. A p value of <0.05 was considered statistically significant. *p < 0.05, **p < 0.01 compared with untreated
diabetic mice (vehicle (PBS)-treated mice).

doi:10.1371/journal.pone.0136627.g004
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Fig 5. SDF-1α dependent effects of aliskiren on neovasculogenesis after hindlimb ischemia. In color-coded images, red indicates normal perfusion
and blue indicates a marked reduction in blood flow in the ischemic hindlimb. Quantitative analysis of the LDI ratio for foot blood flow in animals before,
immediately after, and 2 weeks after the surgery of hindlimb ischemia. Compared with aliskiren (25 mg/kg/day) treatment alone, aliskiren (25 mg/kg/day) in
combination of anti-SDF-1 mAb treatment significantly impaired blood flow recovery after hindlimb ischemia (n = 6 in each group; A, B). Anti-CD31
immunostaining showed decreased number of capillary formation in the animals with both aliskiren and anti-SDF-1 mAb treatment as compared with that
with aliskiren treatment alone (n = 6; C). Ischemia-induced EPC-like cell mobilization was determined by flow cytometry. Compared with aliskiren treatment
alone, the combination of aliskiren and anti-SDF-1 mAb treatment significantly attenuated the number of circulating EPCs (n = 6; D). ELISA data showed that
the amount of SDF-1 in plasma of aliskiren high dose (25 mg/kg/day) with anti-SDF-1 neutralizing antibody was significantly lower than control (untreated DM
mice; vehicle (PBS)-treated mice) (n = 6; E). SDF-1 protein was abolished in index thigh muscles by the neutralizing antibody after injection of anti-SDF-1
neutralizing antibody for 2 weeks (n = 6; F). Statistical analysis was done by unpaired Student’s t test or analysis of variance, followed by Scheffe’s multiple-
comparison post hoc test. A p value of <0.05 was considered statistically significant. *p < 0.05, **p < 0.01.

doi:10.1371/journal.pone.0136627.g005

Aliskiren Improves Neovasculogenesis in Diabetic Animals

PLOS ONE | DOI:10.1371/journal.pone.0136627 August 25, 2015 9 / 17



plasma and ischemic muscles of diabetic mice (Fig 5E and 5F). In the in vitro study, AT1 and
AT2 siRNA did not abolished the effects of aliskiren (10 μM) on the expression of SDF-1 on
EPCs from diabetic mice (S6 Fig).

Co-treatment of aliskiren and ARBs did not intensify neovasculogenesis
after hindlimb ischemia
Blood pressures in all groups were monitored during the experimental period (Fig 6A, 6B, 6C
and 6D). Treatment with ARBs such as olmesartan (10 mg/kg/day) or candesartan (20 mg/kg/
day) alone did not improve blood flow recovery after hindlimb ischemia compared to that of

Fig 6. Angiotensin II independent effects of aliskiren on neovasculogenesis after hindlimb ischemia. Effects of ARBs such as olmesartan or
candesartan and combination treatment of ARBs and aliskiren on blood pressure in vivo. Olmesartan, 10 mg/kg/day (n = 6; A, B); candesartan, 20 mg/kg/day
(n = 6; C, D). Color-coded and quantitative analysis of the LDI ratio for foot blood flow in animals of hindlimb ischemia (n = 6; E, F). Compared with control
group, the combination of aliskiren with ARBs treatment, but not ARBs alone, enhanced blood flow recovery after hindlimb ischemia. Thus, there seems no
additional effect with ARBs to aliskiren on the recovery of blood flow. A+AL represented combination of olmesartan or candesartan and aliskiren low dose (5
mg/kg/day); A+AH represented combination of olmesartan or candesartan and aliskiren high dose (25 mg/kg/day). Statistical analysis was done by unpaired
Student’s t test or analysis of variance, followed by Scheffe’s multiple-comparison post hoc test. A p value of <0.05 was considered statistically significant.
*p < 0.05, **p < 0.01.

doi:10.1371/journal.pone.0136627.g006
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the control group, suggesting there was no significant effect of ARBs on the recovery of blood
flow after hindlimb ischemia in this diabetic animal model. On the other hand, aliskiren (5 or
25 mg/kg/day) co-treated with olmesartan (10 mg/kg/day) or candesartan (20 mg/kg/day) sig-
nificantly increased blood flow recovery (Fig 6E and 6F). However, the effects of these co-
treated groups were similar to that of the aliskiren (5 or 25mg/kg/day) alone groups (Fig 2C
and 2D), suggesting there was no additional effect with ARBs to aliskiren on the recovery of
blood flow. Besides, the beneficial effects of aliskiren could be independent to blood pressure
since the blood pressure reduction levels in aliskiren 25 mg/kg/day group were in similar extent
with blood pressure reduction levels in olmesartan 10 mg/kg/day group or candesartan 20 mg/
kg/day (Fig 6A, 6B, 6C and 6D).

Discussion
In this study, we have uncovered new insights of aliskiren in ischemia-induced neovasculogen-
esis in diabetic mice. First, treatment of aliskiren facilitated the recovery of limb perfusion and
capillary density, in addition to increasing the number of circulating Sca-1+/Flk-1+ EPC-like
cells and elevating the expression level of the VEGF, SDF-1α, and (P)RR. Second, the in vivo
effects of aliskiren depended on the SDF-1 rather than the alternation of blood pressure. Third,
classical angiotensin II pathways may not participate in ischemic-induced angiogensis and in
vivo neovacularization in the presence of aliskiren. Taken together, this study provided the first
evidence that aliskiren enhanced ischemia-induced neovasculogenesis in a dose-dependent
manner via VEGF/SDF-1α related mechanisms in diabetic mice.

Previous studies suggested that VEGF, SDF-1α, and circulating EPC number could be
markers of neovascularization [21–23]. Recently, aliskiren was shown to enhance EPC number
in ApoE-/- mice [10]. However, it was also reported to reduce the EPC number in patients
with early atherosclerosis [24]. Given that the previous data were contradictory, our results
were the first to demonstrate that aliskiren could not only increase EPC-like cell numbers, but
it also has beneficial effects on ischemic-induced neovascularization in diabetic animals. Both
might occur in parallel.

HIF-1α is a critical transcription factor involved in oxygen homeostasis and regulating vari-
ous adaptive responses to hypoxia in neovascularization [25]. Moreover, superoxide induced
by hyperglycemia may destabilize HIF-1α and reduce the activation of SDF-1α, VEGF and
CXCR4 in response to hypoxia [26,27]. In this study, aliskiren was shown to enhance HIF-1α,
VEGF and SDF-1α expression in ischemic limbs of type I diabetic animals with high blood glu-
cose. Furthermore, western blot assays showed that aliskiren (5 or 25 mg/kg/day) treatment
increased the expression of both (P)RR and HIF-1 alpha in ischemic thigh muscles. Taken
together, aliskiren treatments were accompanied with the enhancements of (P)RR and HIF-1
alpha in the ischemic thigh muscles of diabetic mice although previous studies showed that (P)
RR, a vacuolar H+-ATPase [28], was increased in the hearts of diabetic rats and decreased with
aliskiren treatments [29]. However, the direct effects of (P)RR on HIF-1 alpha still need further
investigations. Also, the interaction between (P)RR and aliskiren still needs further evidence
because previous study showed that aliskiren did not affect (pro)renin binding to its receptors
[30]. Though the detailed molecular mechanisms are not completely elucidated, aliskiren was
demonstrated to activate HIF-1α-VEGF-SDF-1α related pathways and enhance neovasculari-
zation in this diabetic animal model.

Accordingly, in mice with hindlimb ischemia, VEGF-mediated neovascularization may par-
tially depend on the activation of SDF-1α-CXCR4 pathways [31,32]. In our study, aliskiren
increased the expression of VEGF and SDF-1α. In addition, aliskiren modulated in vivo vascu-
logenesis that could be significantly suppressed by intra-peritoneal injection of an anti-SDF-1
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neutralizing mAb, suggesting the critical role of SDF-1α in aliskiren-induced neovasculariza-
tion. However, there were a number of issues that still need to be further investigated in our
current model, including 1) the number of CXCR4+ cells under the treatment of aliskiren; 2)
the effect of anti-VEGF neutralizing mAb and 3) the local recruitment of EPC-like cells to the
site of neoangiogenesis/ integration into the neovessels.

Recent study suggested that renin inhibition modulated angiogenesis via affecting the angio-
poietin-1/angiopoietin-2 ratio independent of blood pressure and resulted in higher capillary
density in spontaneously hypertensive rats [33]. In the current study, the roles of aliskiren on
neovascularization were also independently of blood pressure in another different diabetic ani-
mal model. On the other hand, aliskiren was previously suggested to provide its vascular pro-
tection effects via the activation of eNOS, the increase in NO bioavailability, and the
enhancement of anti-inflammatory effects in either the mechanically-injured artery model or
the atherosclerosis model [9]. Aliskiren could also protect against myocardial I/R injury
through activation of the PI3K-Akt-eNOS pathway [34]. However, in our diabetic animal
model, which is different from previous ones, aliskiren did not alter eNOS expression in ische-
mic limbs. Furthermore, the plasma concentrations of nitrite/nitrate were not changed by alis-
kiren and the effects of aliskiren on neovasculogenesis were not abolished by L-NAME in DM
mice, suggesting the functions of aliskiren in neovascularization are eNOS-independent.

Theoretically, the beneficial effects of aliskiren could be related to its function on angioten-
sin II or (P)RR pathways or both. While some ARBs were suggested to increase basal EPC
number and function in vivo [35–37], ARB alone has not been shown to improve but even
block the in vivo neovascularization [38] since angiotensin II may be required for neovasculari-
zation especially under stimulation [39]. In the current study, ARB such as olmesartan or can-
desartan, in a potentially maximal dose [19,40], did not improve the ischemic-related
neovascularization in diabetic animals. Although RAS blockade seems to play a controversial
role on neovascularization [20, 39, 41], our findings are in concordance to the previous studies
that ARB such as candesartan exerts no benefits to neovascularization in diabetic animals. Can-
desartan was shown to inhibit neovascularization in both type 1 diabetic mice and Otsuka
Long-Evans Tokushima Fatty rats, a model of human non-insulin-dependent DM [20,42] and
had no effects on circulating angiogenic factor VEGF level in patients with acute myocardial
infarction [43]. Taken together, the blockage on angiotensin II pathways might not improve in
vivo neovascularization in disease conditions such as DM. Our findings could be further sup-
ported by the previous findings that the angiotensin II pathways did not contribute to the pro-
neovascularization effects of ACEI in diabetic animals [20].

The effects of aliskiren on neovascularization in diabetic-related status might be indepen-
dent of the classic angiotensin II pathways. The independent beneficial effects of aliskiren
could be supported by the recent findings that aliskiren on top of ARB may further improve
cardiac neovascularization in a mouse model of myocardial infarction [11]. On the other hand,
we could not completely exclude the effects of reduced angiotensin II level by aliskiren in our
study. One of the possibilities might be due to the fact that ARBs would not have any effect
anymore because of a low level of angiotensin II in the presence of aliskiren. Furthermore, the
combination of aliskiren and ARB did not enhance the effects. As a matter of fact, the combi-
nation of aliskiren with ACEI/ARB therapy failed to reduce the progression of atheroma in
patients with established cardiovascular disease [44]. Therefore, aliskiren seemed to have pleio-
tropic effects because ARB alone did not have any effect. Different from that of ACEI/ARBs,
the novel mechanisms for the effects of aliskiren might provide another clue to the new poten-
tial therapeutic target in vascular repair and regeneration especially in the presence of Type II
diabetes.
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Aliskiren could selectively reduce in vivo (P)RR expression in glomeruli, renal tubules, and
renal cortical vessels in diabetic rats [45]. In contrast, our results provided the first evidence that
aliskiren could increase EPC number along with increased (P)RR expression in ischemic muscles
of diabetic mice. These data implied that aliskiren may participate in the (P)RR signaling path-
way. Since there is a lack of in vivo evidence that aliskiren could directly activate (P)RR, it is likely
that the effects of aliskiren on the alternation of SDF and (P)RR expression are an epi-phenome-
non. In addition, a previous study showed that the binding of renin with aliskiren had no effect
on (P)RR signaling [46], suggesting that the renin-aliskiren complex may activate the (P)RR
pathway through complicated mechanisms. To elucidate the possible structure and the detail
action mechanism of aliskiren in in vivo diabetic models, further studies will thus be required.

Co-immunoprecipitation results revealed that the active SDF-1α binds with CXCR4 pro-
teins in thigh muscle samples of the animals. Since the SDF is usually rapidly cleaved in vivo,
these results suggested binding with the CXCR4 stabilized SDF-1α, resulting in continuous
activation of the SDF-1α. These findings may as well support the notion that in the presence of
aliskiren, the SDF-1α can bind to CXCR4 proteins and remain active in the thigh muscles of
the ischemic limb of mice. Furthermore, given that intraperitoneal injection of the SDF-1 mAb
could abolish the in vivo beneficial effects of aliskiren, it is possible that the activation of (P)RR
and VEGF-SDF-1 pathways might contribute to the recovery of ischemic-induced neovascular-
ization in the hindlimbs of diabetic animals. Although our data suggested that aliskiren treat-
ment in vivo could enhance SDF-1 levels, we could not completely exclude the possibility of
epi-phenomena. Moreover, even if we had used hydralazine to be a control group of the
decreased blood pressure and followed their blood pressure during the experimental period, we
still could not totally exclude the effects of blood pressure.

As we cannot conclude the effects of other ARBs, our findings did suggest the potential con-
tribution of a novel (P)RR-VEGF-SDF1α signal pathway rather than the classic angiotensin II
pathways to the beneficial effects of aliskiren on neovascularization especially in the high glu-
cose or diabetic status.

Conclusions
Aliskiren being a renin inhibitor, could not only increase circulating EPC numbers, but also
improve the impaired neovascularization in diabetic mice. The therapeutic effects might be
related to the stabilization of the HIF-1α and up-regulated VEGF/SDF-1α via the angiotensin
II-independent pathways. Given the direct and independent vascular benefits of aliskiren, it is
worthy to evaluate clinically the potential effects of aliskiren on blood pressure control and
peripheral vascular diseases in diabetic hypertensives.

Supporting Information
S1 Fig. Effects of aliskiren on EPC homing and CXCR4 expression at ischemic sites in dia-
betic mice. Immunostaining of ischemic hind limb muscle with anti-CD34 antibody conju-
gated to Alexa Fluor 492 (green) and anti-CXCR4 antibody conjugated to Alexa Fluor 594
(red) in diabetic mice treated with aliskiren. The CD34-positive homed hematopoietic stem
precursor cells were indicated with white arrows. Aliskiren treated group increased CD34/
CXCR4-double-positive cells (arrow) in ischemic muscle compared with the control group.
Hoechst dye (blue) was used to counterstain the nucleus. The ischemic hind limb tissue was
evaluated by fluorescence microscopy at a magnification of 400x (Fig A in S1 Fig). The bar
graph shows the CD34 positivity/myofiber ratio (Fig B in S1 Fig). H&E stainings of the muscle
section (Fig C in S1 Fig). C represented untreated diabetic mice (vehicle (PBS)-treated mice);
AL represented aliskiren low dose (5 mg/kg/day); AH represented aliskiren high dose (25 mg/
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kg/day). �p< 0.05, ��p< 0.01 compared with untreated diabetic mice (vehicle (PBS)-treated
mice).
(TIFF)

S2 Fig. Co-immunoprecipitation analysis showed that SDF-1 did complex with CXCR4.
Thigh muscle samples were from aliskiren 25 mg/kg/day treated group. Immunoprecipitation
with antibody against CXCR4 and immunoblot analysis with antibody against SDF-1 or immu-
noprecipitation with antibody against SDF-1 and immunoblot analysis with antibodies against
CXCR4.
(TIFF)

S3 Fig. The plasma concentration of nitrite/nitrate. Total nitric oxide metabolites (nitrates
plus nitrites) at 14 days after hindlimb ischemia were determined by Total Nitric Oxide and
Nitrate/Nitrite Assay ELISA kit (KGE001, R&D system) according to manufacturer’s instruc-
tion. NOx represented the stable end product of NO. (n = 6 in each group).
(TIFF)

S4 Fig. The effects of aliskiren on neovasculogenesis did not abolished by L-NAME in DM
mice. Systolic blood pressure (n = 12 in AH group, n = 6 in AH+L-NAME group; Fig A in S4
Fig), diastolic blood pressure (n = 12 in AH group, n = 6 in AH+L-NAME group; Fig B in S4
Fig). Foot blood flow monitored in vivo by LDI in each group of diabetic mice. Blood flow
recovery was markedly improved in either aliskiren (25 mg/kg/day) treated mice (n = 12; Fig C
and D in S4 Fig) or aliskiren and L-NAME (30 mg/kg/day) co-treated group (n = 6; Fig C and
D in S4 Fig). AH represented aliskiren high dose (25 mg/kg/day); AH+L-NAME represented
aliskiren high dose combined with L-NAME (30 mg/kg/day). �p< 0.05, ��p< 0.01 compared
with same group before treatment.
(TIFF)

S5 Fig. Aliskiren upregulated HIF-1α, VEGF, and SDF-1 mRNA in index thigh muscles in
diabetic mice with hindlimb ischemia. Quantitative RT-PCR for the effects of aliskiren on
mRNA expressions in thigh muscles in diabetic mice with hindlimb ischemia (n = 6). Thresh-
old cycle data were normalized to the internal standard, beta actin. C represents untreated dia-
betic mice (vehicle (PBS)-treated mice); AL represents aliskiren in low dose (5 mg/kg/day); AH
represents aliskiren in high dose (25 mg/kg/day); HL represents hydralazine in low dose (2 mg/
kg/day); HH represents hydralazine in high dose (10 mg/kg/day). �p< 0.05, ��p< 0.01 com-
pared with untreated diabetic mice (vehicle (PBS)-treated mice).
(TIFF)

S6 Fig. The enhanced SDF-1 expression by aliskiren was independent of AT1 and AT2 on
EPCs from diabetic mice.Western blot and statistical analysis of AT1, AT2, and SDF-1
expressions after slencing with AT1 and AT2 siRNA (n = 6). AT1 and AT2 siRNA did not
abolished the effects of aliskiren (10 μM) on the expression of SDF-1 on EPCs from diabetic
mice. C represents untreated cells; siC represents control siRNA; siA represents co-treated AT1
and AT2 siRNA; siA+ali represents combined treatment of AT1 siRNA, AT2 siRNA, and alis-
kiren (10 μM).�p< 0.05, ��p< 0.01 compared with untreated cells.
(TIFF)

Author Contributions
Conceived and designed the experiments: TTC TCW PHH CPL JSC LYL SJL JWC. Performed
the experiments: TTC TCW PHH CPL JSC LYL. Analyzed the data: TTC TCW JSC LYL JWC.

Aliskiren Improves Neovasculogenesis in Diabetic Animals

PLOS ONE | DOI:10.1371/journal.pone.0136627 August 25, 2015 14 / 17

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0136627.s002
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0136627.s003
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0136627.s004
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0136627.s005
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0136627.s006


Contributed reagents/materials/analysis tools: TTC TCW PHH CPL JSC LYL SJL JWC. Wrote
the paper: TTC TCW JWC.

References
1. Jude EB, Eleftheriadou I, Tentolouris N. Peripheral arterial disease in diabetes—a review. Diabet Med.

2010; 27:4–14 doi: 10.1111/j.1464-5491.2009.02866.x PMID: 20121883

2. Asahara T, Murohara T, Sullivan A, Silver M, van der Zee R, Li T, et al. Isolation of putative progenitor
endothelial cells for angiogenesis. Science. 1997; 275:964–967 PMID: 9020076

3. Takahashi T, Kalka C, Masuda H, Chen D, Silver M, Kearney M, et al. Ischemia- and cytokine-induced
mobilization of bone marrow-derived endothelial progenitor cells for neovascularization. Nat Med.
1999; 5:434–438 PMID: 10202935

4. Loomans CJ, de Koning EJ, Staal FJ, Rookmaaker MB, Verseyden C, de Boer HC, et al. Endothelial
progenitor cell dysfunction: A novel concept in the pathogenesis of vascular complications of type 1 dia-
betes. Diabetes. 2004; 53:195–199 PMID: 14693715

5. Tepper OM, Galiano RD, Capla JM, Kalka C, Gagne PJ, Jacobowitz GR, et al. Human endothelial pro-
genitor cells from type ii diabetics exhibit impaired proliferation, adhesion, and incorporation into vascu-
lar structures. Circulation. 2002; 106:2781–2786 PMID: 12451003

6. Zaman MA, Oparil S, Calhoun DA. Drugs targeting the renin-angiotensin-aldosterone system. Nat Rev
Drug Discov. 2002; 1:621–636 PMID: 12402502

7. Pimenta E, Oparil S. Role of aliskiren in cardio-renal protection and use in hypertensives with multiple
risk factors. Vasc Health Risk Manag. 2009; 5:453–463 PMID: 19475781

8. Nussberger J, Wuerzner G, Jensen C, Brunner HR. Angiotensin ii suppression in humans by the orally
active renin inhibitor aliskiren (spp100): Comparison with enalapril. Hypertension. 2002; 39:E1–8
PMID: 11799102

9. Ino J, Kojima C, Osaka M, Nitta K, Yoshida M. Dynamic observation of mechanically-injured mouse
femoral artery reveals an antiinflammatory effect of renin inhibitor. Arterioscler Thromb Vasc Biol. 2009;
29:1858–1863 doi: 10.1161/ATVBAHA.108.182519 PMID: 19778947

10. Poss J, Werner C, Lorenz D, Gensch C, BohmM, Laufs U. The renin inhibitor aliskiren upregulates pro-
angiogenic cells and reduces atherogenesis in mice. Basic Res Cardiol. 2010; 105:725–735 doi: 10.
1007/s00395-010-0120-5 PMID: 20857126

11. Higashikuni Y, Takaoka M, Iwata H, Tanaka K, Hirata Y, Nagai R, et al. Aliskiren in combination with
valsartan exerts synergistic protective effects against ventricular remodeling after myocardial infarction
in mice. Hypertens Res. 2012; 35:62–69 doi: 10.1038/hr.2011.136 PMID: 21833001

12. Riccioni G. The role of direct renin inhibitors in the treatment of the hypertensive diabetic patient. Ther
Adv Endocrinol Metab. 2013; 4:139–145 doi: 10.1177/2042018813490779 PMID: 24143271

13. Dhakarwal P, Agrawal V, Kumar A, Goli KM. Update on role of direct renin inhibitor in diabetic kidney
disease. Ren Fail. 2014; 36:963–969 doi: 10.3109/0886022X.2014.900425 PMID: 24678880

14. Raptis AE, Markakis KP, Mazioti MC, Ikonomidis I, Maratou EP, Vlahakos DV, et al. Effect of aliskiren
on circulating endothelial progenitor cells and vascular function in patients with type 2 diabetes and
essential hypertension. Am J Hypertens. 2014

15. Hiasa K, Ishibashi M, Ohtani K, Inoue S, Zhao Q, Kitamoto S, et al. Gene transfer of stromal cell-derived
factor-1alpha enhances ischemic vasculogenesis and angiogenesis via vascular endothelial growth
factor/endothelial nitric oxide synthase-related pathway: Next-generation chemokine therapy for thera-
peutic neovascularization. Circulation. 2004; 109:2454–2461 PMID: 15148275

16. Asahara T, Takahashi T, Masuda H, Kalka C, Chen D, Iwaguro H, et al. Vegf contributes to postnatal
neovascularization by mobilizing bone marrow-derived endothelial progenitor cells. EMBO J. 1999;
18:3964–3972 PMID: 10406801

17. Kawarazaki W, Nagase M, Yoshida S, Takeuchi M, Ishizawa K, Ayuzawa N, et al. Angiotensin ii- and
salt-induced kidney injury through rac1-mediated mineralocorticoid receptor activation. J Am Soc
Nephrol. 2012; 23:997–1007 doi: 10.1681/ASN.2011070734 PMID: 22440899

18. Arndt PG, Young SK, Poch KR, Nick JA, Falk S, Schrier RW, et al. Systemic inhibition of the angioten-
sin-converting enzyme limits lipopolysaccharide-induced lung neutrophil recruitment through both bra-
dykinin and angiotensin ii-regulated pathways. J Immunol. 2006; 177:7233–7241 PMID: 17082641

19. Fukuda D, Sata M, Ishizaka N, Nagai R. Critical role of bone marrow angiotensin ii type 1 receptor in
the pathogenesis of atherosclerosis in apolipoprotein e deficient mice. Arteriosclerosis, Thrombosis,
and Vascular Biology. 2007; 28:90–96 PMID: 17962627

Aliskiren Improves Neovasculogenesis in Diabetic Animals

PLOS ONE | DOI:10.1371/journal.pone.0136627 August 25, 2015 15 / 17

http://dx.doi.org/10.1111/j.1464-5491.2009.02866.x
http://www.ncbi.nlm.nih.gov/pubmed/20121883
http://www.ncbi.nlm.nih.gov/pubmed/9020076
http://www.ncbi.nlm.nih.gov/pubmed/10202935
http://www.ncbi.nlm.nih.gov/pubmed/14693715
http://www.ncbi.nlm.nih.gov/pubmed/12451003
http://www.ncbi.nlm.nih.gov/pubmed/12402502
http://www.ncbi.nlm.nih.gov/pubmed/19475781
http://www.ncbi.nlm.nih.gov/pubmed/11799102
http://dx.doi.org/10.1161/ATVBAHA.108.182519
http://www.ncbi.nlm.nih.gov/pubmed/19778947
http://dx.doi.org/10.1007/s00395-010-0120-5
http://dx.doi.org/10.1007/s00395-010-0120-5
http://www.ncbi.nlm.nih.gov/pubmed/20857126
http://dx.doi.org/10.1038/hr.2011.136
http://www.ncbi.nlm.nih.gov/pubmed/21833001
http://dx.doi.org/10.1177/2042018813490779
http://www.ncbi.nlm.nih.gov/pubmed/24143271
http://dx.doi.org/10.3109/0886022X.2014.900425
http://www.ncbi.nlm.nih.gov/pubmed/24678880
http://www.ncbi.nlm.nih.gov/pubmed/15148275
http://www.ncbi.nlm.nih.gov/pubmed/10406801
http://dx.doi.org/10.1681/ASN.2011070734
http://www.ncbi.nlm.nih.gov/pubmed/22440899
http://www.ncbi.nlm.nih.gov/pubmed/17082641
http://www.ncbi.nlm.nih.gov/pubmed/17962627


20. Ebrahimian TG, Tamarat R, Clergue M, Duriez M, Levy BI, Silvestre JS. Dual effect of angiotensin-con-
verting enzyme inhibition on angiogenesis in type 1 diabetic mice. Arterioscler Thromb Vasc Biol. 2005;
25:65–70 PMID: 15528473

21. Sbaa E, Dewever J, Martinive P, Bouzin C, Frerart F, Balligand JL, et al. Caveolin plays a central role in
endothelial progenitor cell mobilization and homing in sdf-1-driven postischemic vasculogenesis. Circ
Res. 2006; 98:1219–1227 PMID: 16601228

22. vanWeel V, Seghers L, de Vries MR, Kuiper EJ, Schlingemann RO, Bajema IM, et al. Expression of
vascular endothelial growth factor, stromal cell-derived factor-1, and cxcr4 in human limb muscle with
acute and chronic ischemia. Arterioscler Thromb Vasc Biol. 2007; 27:1426–1432 PMID: 17363691

23. Lin HH, Chen YH, Chang PF, Lee YT, Yet SF, Chau LY. Heme oxygenase-1 promotes neovasculariza-
tion in ischemic heart by coinduction of vegf and sdf-1. J Mol Cell Cardiol. 2008; 45:44–55 doi: 10.1016/
j.yjmcc.2008.04.011 PMID: 18534615

24. Flammer AJ, Gossl M, Li J, Reriani M, Shonyo S, Loeffler D, et al A. Renin inhibition with aliskiren low-
ers circulating endothelial progenitor cells in patients with early atherosclerosis. J Hypertens. 2013;
31:632–635 doi: 10.1097/HJH.0b013e32835c6d2d PMID: 23615219

25. Ceradini DJ, Gurtner GC. Homing to hypoxia: Hif-1 as a mediator of progenitor cell recruitment to
injured tissue. Trends Cardiovasc Med. 2005; 15:57–63 PMID: 15885571

26. Ceradini DJ, Yao D, Grogan RH, Callaghan MJ, Edelstein D, Brownlee M, et al. Decreasing intracellular
superoxide corrects defective ischemia-induced new vessel formation in diabetic mice. J Biol Chem.
2008; 283:10930–10938 doi: 10.1074/jbc.M707451200 PMID: 18227068

27. Bento CF, Pereira P. Regulation of hypoxia-inducible factor 1 and the loss of the cellular response to
hypoxia in diabetes. Diabetologia. 2011; 54:1946–1956 doi: 10.1007/s00125-011-2191-8 PMID:
21614571

28. Advani A, Kelly DJ, Cox AJ, White KE, Advani SL, Thai K, et al. The (pro)renin receptor: Site-specific
and functional linkage to the vacuolar h+-atpase in the kidney. Hypertension. 2009; 54:261–269 doi:
10.1161/HYPERTENSIONAHA.109.128645 PMID: 19546380

29. Connelly KA, Advani A, Kim S, Advani SL, Zhang M, White KE, et al. The cardiac (pro)renin receptor is
primarily expressed in myocyte transverse tubules and is increased in experimental diabetic cardiomy-
opathy. J Hypertens. 2011; 29:1175–1184 doi: 10.1097/HJH.0b013e3283462674 PMID: 21505358

30. BatenburgWW, de Bruin RJ, van Gool JM, Muller DN, Bader M, Nguyen G, et al. Aliskiren-binding
increases the half life of renin and prorenin in rat aortic vascular smooth muscle cells. Arterioscler
Thromb Vasc Biol. 2008; 28:1151–1157 doi: 10.1161/ATVBAHA.108.164210 PMID: 18388329

31. Jin DK, Shido K, Kopp HG, Petit I, Shmelkov SV, Young LM, et al. Cytokine-mediated deployment of
sdf-1 induces revascularization through recruitment of cxcr4+ hemangiocytes. Nat Med. 2006; 12:557–
567 PMID: 16648859

32. Grunewald M, Avraham I, Dor Y, Bachar-Lustig E, Itin A, Jung S, et al. VEGF-induced adult neovascu-
larization: Recruitment, retention, and role of accessory cells. Cell. 2006; 124:175–189 PMID:
16413490

33. Rusai K, Jianxing C, Schneider R, Struijker-Boudier H, Lutz J, Heemann U, et al. Renin inhibition miti-
gates anti-angiogenesis in spontaneously hypertensive rats. J Hypertens. 2011; 29:266–272 doi: 10.
1097/HJH.0b013e328340aa72 PMID: 21045736

34. ZhangW, Han Y, Meng G, Bai W, Xie L, Lu H, et al. Direct renin inhibition with aliskiren protects against
myocardial ischemia/reperfusion injury by activating nitric oxide synthase signaling in spontaneously
hypertensive rats. J Am Heart Assoc. 2014; 3:e000606 doi: 10.1161/JAHA.113.000606 PMID:
24473199

35. Bahlmann FH, de Groot K, Mueller O, Hertel B, Haller H, Fliser D. Stimulation of endothelial progenitor
cells: A new putative therapeutic effect of angiotensin ii receptor antagonists. Hypertension. 2005;
45:526–529 PMID: 15767470

36. Yu Y, Fukuda N, Yao EH, Matsumoto T, Kobayashi N, Suzuki R, et al. Effects of an arb on endothelial
progenitor cell function and cardiovascular oxidation in hypertension. Am J Hypertens. 2008; 21:72–77
PMID: 18091747

37. Matsuura K, Hagiwara N. The pleiotropic effects of arb in vascular endothelial progenitor cells. Curr
Vasc Pharmacol. 2011; 9:153–157 PMID: 21143169

38. Yamagishi S, Matsui T, Nakamura K, Inoue H, Takeuchi M, Ueda S, et al. Olmesartan blocks advanced
glycation end products (ages)-induced angiogenesis in vitro by suppressing receptor for ages (rage)
expression. Microvasc Res. 2008; 75:130–134 PMID: 17560613

39. Tamarat R, Silvestre JS, Kubis N, Benessiano J, Duriez M, deGasparo M, et al. Endothelial nitric oxide
synthase lies downstream from angiotensin ii-induced angiogenesis in ischemic hindlimb. Hyperten-
sion. 2002; 39:830–835 PMID: 11897773

Aliskiren Improves Neovasculogenesis in Diabetic Animals

PLOS ONE | DOI:10.1371/journal.pone.0136627 August 25, 2015 16 / 17

http://www.ncbi.nlm.nih.gov/pubmed/15528473
http://www.ncbi.nlm.nih.gov/pubmed/16601228
http://www.ncbi.nlm.nih.gov/pubmed/17363691
http://dx.doi.org/10.1016/j.yjmcc.2008.04.011
http://dx.doi.org/10.1016/j.yjmcc.2008.04.011
http://www.ncbi.nlm.nih.gov/pubmed/18534615
http://dx.doi.org/10.1097/HJH.0b013e32835c6d2d
http://www.ncbi.nlm.nih.gov/pubmed/23615219
http://www.ncbi.nlm.nih.gov/pubmed/15885571
http://dx.doi.org/10.1074/jbc.M707451200
http://www.ncbi.nlm.nih.gov/pubmed/18227068
http://dx.doi.org/10.1007/s00125-011-2191-8
http://www.ncbi.nlm.nih.gov/pubmed/21614571
http://dx.doi.org/10.1161/HYPERTENSIONAHA.109.128645
http://www.ncbi.nlm.nih.gov/pubmed/19546380
http://dx.doi.org/10.1097/HJH.0b013e3283462674
http://www.ncbi.nlm.nih.gov/pubmed/21505358
http://dx.doi.org/10.1161/ATVBAHA.108.164210
http://www.ncbi.nlm.nih.gov/pubmed/18388329
http://www.ncbi.nlm.nih.gov/pubmed/16648859
http://www.ncbi.nlm.nih.gov/pubmed/16413490
http://dx.doi.org/10.1097/HJH.0b013e328340aa72
http://dx.doi.org/10.1097/HJH.0b013e328340aa72
http://www.ncbi.nlm.nih.gov/pubmed/21045736
http://dx.doi.org/10.1161/JAHA.113.000606
http://www.ncbi.nlm.nih.gov/pubmed/24473199
http://www.ncbi.nlm.nih.gov/pubmed/15767470
http://www.ncbi.nlm.nih.gov/pubmed/18091747
http://www.ncbi.nlm.nih.gov/pubmed/21143169
http://www.ncbi.nlm.nih.gov/pubmed/17560613
http://www.ncbi.nlm.nih.gov/pubmed/11897773


40. Yamamoto E, Dong YF, Kataoka K, Yamashita T, Tokutomi Y, Matsuba S, et al. Olmesartan prevents
cardiovascular injury and hepatic steatosis in obesity and diabetes, accompanied by apoptosis signal
regulating kinase-1 inhibition. Hypertension. 2008; 52:573–580 doi: 10.1161/HYPERTENSIONAHA.
108.112292 PMID: 18678790

41. Li P, Kondo T, Numaguchi Y, Kobayashi K, Aoki M, Inoue N, et al. Role of bradykinin, nitric oxide, and
angiotensin ii type 2 receptor in imidapril-induced angiogenesis. Hypertension. 2008; 51:252–258
PMID: 18086946

42. Jesmin S, Hattori Y, Sakuma I, Mowa CN, Kitabatake A. Role of ang ii in coronary capillary angiogene-
sis at the insulin-resistant stage of a niddm rat model. Am J Physiol Heart Circ Physiol. 2002; 283:
H1387–1397 PMID: 12234789

43. Murakami Y, Kurosaki K, Matsui K, Shimada K, Ikeda U. Serummcp-1 and vegf levels are not affected
by inhibition of the renin-angiotensin system in patients with acute myocardial infarction. Cardiovasc
Drugs Ther. 2003; 17:249–255 PMID: 14574083

44. Mihai G, Varghese J, Kampfrath T, Gushchina L, Hafer L, Deiuliis J, et al. Aliskiren effect on plaque pro-
gression in established atherosclerosis using high resolution 3d mri (alpine): A double-blind placebo-
controlled trial. J Am Heart Assoc. 2013; 2:e004879 doi: 10.1161/JAHA.112.004879 PMID: 23686372

45. Feldman DL, Jin L, Xuan H, Contrepas A, Zhou Y, Webb RL, et al. Effects of aliskiren on blood pres-
sure, albuminuria, and (pro)renin receptor expression in diabetic tg(mren-2)27 rats. Hypertension.
2008; 52:130–136 doi: 10.1161/HYPERTENSIONAHA.107.108845 PMID: 18490518

46. Feldt S, BatenburgWW, Mazak I, Maschke U, Wellner M, Kvakan H, et al. Prorenin and renin-induced
extracellular signal-regulated kinase 1/2 activation in monocytes is not blocked by aliskiren or the han-
dle-region peptide. Hypertension. 2008; 51:682–688 doi: 10.1161/HYPERTENSIONAHA.107.101444
PMID: 18212269

Aliskiren Improves Neovasculogenesis in Diabetic Animals

PLOS ONE | DOI:10.1371/journal.pone.0136627 August 25, 2015 17 / 17

http://dx.doi.org/10.1161/HYPERTENSIONAHA.108.112292
http://dx.doi.org/10.1161/HYPERTENSIONAHA.108.112292
http://www.ncbi.nlm.nih.gov/pubmed/18678790
http://www.ncbi.nlm.nih.gov/pubmed/18086946
http://www.ncbi.nlm.nih.gov/pubmed/12234789
http://www.ncbi.nlm.nih.gov/pubmed/14574083
http://dx.doi.org/10.1161/JAHA.112.004879
http://www.ncbi.nlm.nih.gov/pubmed/23686372
http://dx.doi.org/10.1161/HYPERTENSIONAHA.107.108845
http://www.ncbi.nlm.nih.gov/pubmed/18490518
http://dx.doi.org/10.1161/HYPERTENSIONAHA.107.101444
http://www.ncbi.nlm.nih.gov/pubmed/18212269

