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Summary 

 

The skeletal renin-angiotensin system contributes to the development of osteoporosis. 

The renin inhibitor aliskiren exhibited beneficial effects on trabecular bone of 

osteoporotic mice, and this action might be mediated through angiotensin and 

bradykinin receptor pathways. This study implies the potential application of renin 

inhibitor in the management for postmenopausal osteoporosis. 

 



Abstract 

Purpose The skeletal renin-angiotensin system plays key role in the pathological 

process of osteoporosis. The present study is designed to elucidate the effect of renin 

inhibitor aliskiren on trabecular bone and its potential action mechanism in 

ovariectomized (OVX) mice. 

Methods The OVX mice were treated with low dose (5 mg/kg), or high dose (25 

mg/kg) of aliskiren or its vehicle for 8 weeks. The bone turnover markers were 

measured by ELISA. The structural parameters of trabecular bone at lumbar vertebra 

(LV) and distal femoral metaphysis were measured by micro-CT. The expression of 

mRNA and protein was studied by RT-PCR and immunoblotting, respectively. 

Results Aliskiren treatment reduced urinary excretion of calcium and serum level of 

tartrate-resistant acid phosphatase in OVX mice. The treatment with aliskiren 

significantly increased bone volume (BV/TV) and connectivity density (Conn.D) of 

trabecular bone at LV-2 and LV-5 as well as dramatically enhanced BV/TV, Conn.D, 

bone mineral density (BMD/BV) and decreased bone surface (BS/BV) at the distal 

femoral end. Aliskiren significantly down-regulated the expression of 

angiotensinogen, angiotensin II (Ang II), Ang II type 1 receptor, bradykinin receptor 

(BR)-1, and osteocytic-specific gene sclerostin as well as the osteoclast-specific genes, 

including carbonic anhydrase II, matrix metalloproteinase-9, and cathepsin K.  

Conclusions This study revealed that renin inhibitor aliskiren exhibited the beneficial 

effects on trabecular bone of ovariectomy-induced osteoporotic mice, and the 

underlying mechanism for this action might be mediated through Ang II and BR 



signaling pathways in bone. 
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Introduction 

The renin-angiotensin system (RAS) is a hormonal cascade that is thought to act as 

a master controller of blood pressure and fluid balance within the body [1]. Within 

classical RAS, liver secreted angiotensinogen (AGT) is enzymatically cleaved to 

angiotensin (Ang) I by kidney-derived renin. Ang I is, hereafter, cleaved by 

angiotensin-converting enzyme (ACE) to the effector hormone Ang II. It is now 

evident that the components of RAS, in addition to the classical pathway, are 

expressed and act locally in multiple tissues [2], such as insulin secretion [3], 

glomerular sclerosis [4], renal inflammation [5], atherosclerosis [6], cardiac 

hypertrophy [7], brain disorders [8], and follicular development and endometrial 

cancer in female reproductive tract [9]. 

Previous studies have shown the expression of renin in bone marrow cells and ACE 

in osteoblasts and osteoclasts [10, 11]. In bone tissue, Ang II is generated locally by 

endothelial cells [12] and also produced in the interstitial space [13], and then exerts 

its action by binding to angiotensin type 1 receptor (AT1R) and AT2R, both of which 

are expressed in osteoblasts [10, 14]. Functional studies revealed that Ang II could 

stimulate the differentiation and activity of osteoclasts in vivo [14] and in vitro [15], 

and aggravate the loss of bone minerals in rats with osteoporosis induced by estrogen 

deficiency [14], furthermore, the AT1R knockout mice showed high bone mass [16]. 

In addition, we recently demonstrated that the local RAS in bone was involved in 

age-related osteoporosis of aging mice [17], bone deteriorations of mice with either 

obstructive nephropathy [18] or type 1 diabetes [19], and others elucidated the 



involvement of skeletal RAS in the process of fracture healing in a mouse femur 

fracture model [20] and the steroid-induced osteonecrosis in rabbits [21] as well as the 

development of postmenopausal osteoporosis in ovariectomized (OVX) animal 

models [14, 22]. Therefore, the emerging evidences demonstrated that the local RAS 

displays important biological actions in bone tissue. 

Currently, besides the applications in the prevention and treatment of hypertension, 

the inhibitors of RAS [ACE inhibitors (ACEI), Ang II receptor blockers (ARB), and 

renin inhibitors] are widely used in the clinic to treat tissue injury due to locally high 

RAS activity, such as the renal and cardiovascular diseases [2]. The use of ARB/ACEI 

was reported to be associated with reduction of fracture risk [23]. The experimental 

studies have shown the beneficial effects of ACEI and ARB on maintaining bone 

health of OVX rats [14, 24, 25] and mice [11, 26], an animal model mimicking 

postmenopausal osteoporosis due to the decline of circulating estrogen level. While, 

given renin is the rate-limiting enzyme of the RAS, whether the RAS inhibition by 

inhibiting renin activity exerts beneficial effects on postmenopausal osteoporosis is 

not known. 

Postmenopausal osteoporosis is the most common type of osteoporosis that 

contributes to morbidity and mortality in millions of menopausal women worldwide 

[27], and the major clinical consequences of this disease are osteoporotic fractures of 

the upper extremity, spine, and hip [28]. Thus, we recently performed an animal study 

to address the effects of renin inhibitor, aliskiren, on trabecular bone of mice with 

postmenopausal osteoporosis induced by ovariectomy. The aim of the present study is 



to elucidate the impact of renin inhibitor on trabecular bone of osteoporotic mice. 

 



Materials and methods 

 

Animal welfare and ethical statement 

The procedures used in this study were as humane as possible and this article 

complies with the recommendations of ARRIVE. The animal study protocol was 

reviewed and approved by the institution’s Animal Ethics Committee of the Nantong 

University (Permit number: TD14-P003). Thirty-two female C57BL/6J mice with 

three-month-old (Slac Laboratory Animal, Shanghai, China) were housed in 

environmentally controlled central animal facilities. The animals were kept in 22°C, 

light : dark (12 h : 12 h) conditions and fed with commercial diet and distilled water 

ad libitum during experimental period. 

 

Animal study design 

The mice were allowed to acclimate to their environment for 1 week before surgery, 

during which the mice were either dorsal ovariectomized (OVX) or sham-operated 

(Sham) under anesthetization with a mixture of ketamine:xylazine (80:10 mg/kg). 

Starting from 1 week post-surgery, the mice were divided into four groups with eight 

in each group: Sham-operated mice (Sham), OVX mice with vehicle treatment (OVX), 

OVX mice with orally administration of low dose of aliskiren (OVX+LA, 5 mg/kg) 

and high dose of aliskiren (OVX+HA, 25 mg/kg). Eight weeks after drug 

administration, the systolic blood pressure was measured by a noninvasive tail-cuff 

method using a Model BP-98A (Softron, Tokyo, Japan), and spot urine of each mouse 



was collected. Serum, tibias, femurs and lumbar vertebras were immediately 

harvested for a variety of analyses. 

 

Serum and urine chemistries 

Calcium (Ca) and creatinine (Cr) concentrations of serum and urine were measured by 

standard colorimetric methods using a micro-plate reader (Bio-Tek, USA). The level 

of urine Ca was corrected by the concentration of urine Cr. Serum levels of bone 

turnover markers, tartrate-resistant acid phosphatase 5b (TRAP), and procollagen type 

I N-terminal propeptide (PINP) were determined using sandwich ELISA kit purchased 

from Immunodiagnostic Systems Ltd (Boldon, UK). The kit for serum osteocalcin 

(OCN) and renin was provided by Immutopics (San Clemente, USA) and Thermo 

Scientific (Frederick, USA). 

 

Micro-computed tomography (Micro-CT) scanning 

The lumbar vertebras-2 (LV-2), LV-5 and femurs without sample preparation or 

decalcification was fixed in a cylindrical plastic tube to prevent movement of the bone 

during scanning, and scanned with a high-resolution micro vivaCT 40 system (Scanco 

Medical, Bassersdorf, Switzerland). The parameters for each single scan were 70 kVp 

of the X-ray and 1000 projections per 180. Trabecular bone was determined by a 

fixed threshold. After images were captured (110 A), 100 slices were established as 

the volume of interest. Trabecular bone was separated from cortical bone by free 

drawing regions of interests using the software provided with the scanner. 



 

Trabecular bone structural images and parameters 

Morphologic measurements of the trabecular bone for the 100 slices were 

reconstructed to obtain 3-dimensional images and quantitative parameters with CT 

Evaluation Program: (1) bone volume over total volume (BV/TV); (2) bone surface 

over bone volume (BS/BV); (3) connectivity density (Conn.D); (4) bone mineral 

density over bone volume (BMD/BV). 

 

Tartrate-resistant acid phosphatase staining 

Tartrate-resistant acid phosphatase (TRAP) staining performed on LV-4 and the distal 

metaphysis of femur was used for the identification of osteoclasts following the 

manufacturer's instructions (Sigma 387-A, St Louis, USA). 

 

RT-PCR 

The tibia of each animal was crushed under liquid nitrogen condition and RNA 

extraction was performed according to the TRIzol manufacturer’s protocol 

(Invitrogen, Carlsbad, California, USA). RNA integrity was verified by agarose gel 

electrophoresis. Synthesis of cDNAs was performed by reverse transcription reactions 

with 4 g of total RNA using moloney murine leukemia virus reverse transcriptase 

(Invitrogen, Carlsbad, California, USA) with oligo dT(15) primers (Fermentas) as 

described by the manufacturer. The first strand cDNAs served as the template for the 

regular PCR performed using a DNA Engine (ABI). Glyceraldehyde-3-phosphate 



dehydrogenase (GAPDH) as an internal control was used to normalize the data to 

determine the relative expression of the target genes. The PCR primers used in this 

study were as previously described [16, 17, 29]. 

 

Western blotting 

The tibias were homogenized and extracted in Laemmli buffer (Boston Bioproducts, 

Worcester, MA, USA), followed by 5 min boiling and centrifugation to obtain the 

supernatant. Samples containing 40 g of protein were separated on 10% SDS-PAGE 

gel, transferred to nitrocellulose membranes (Bio-Rad Laboratories, Hercules, CA, 

USA). After saturation with 5% (w/v) nonfat dry milk in TBS and 0.1% (w/v) Tween 

20 (TBST), the membranes were incubated with one of the following antibodies at 

dilutions ranging from 1:1000 to 1:300 at 4℃ overnight: mouse anti-renin monoclonal 

antibody, goat anti-angiotensin II (Ang II) polyclonal antibody, mouse anti-Ang II 

type 1 receptor monoclonal antibody, and goat anti-Ang II type 2 receptor polyclonal 

antibody. All the above primary antibodies were purchased from Santa Cruz 

Biotechnology (USA). After three washes with TBST, membranes were incubated 

with secondary immunoglobulins conjugated to IRDye 800CW Infrared Dye 

(LI-COR), including donkey anti-goat IgG and donkey anti-mouse IgG with the 

dilution of 1:15000. After 2 h-incubation at room temperature, membranes were 

washed three times with TBST. Blots were visualized by the Odyssey Infrared 

Imaging System (LI-COR Biotechnology, USA). Signals were densitometrically 

assessed (Odyssey Application Software version 3.0) and normalized to the β-actin 



signals to correct for unequal loading using the mouse monoclonal anti--actin 

antibody (Sigma, USA). 

 

Statistical analysis 

The data from these experiments were reported as mean ± standard error of mean 

(SEM) for each group. The statistical analysis was performed using PRISM version 

4.0 (GraphPad). Inter-group differences were analyzed by one-way ANOVA, and 

followed by Tukey’s multiple comparison test as a post test to compare the group 

means if overall P < 0.05. The difference with P value of less than 0.05 was 

considered statistically significant. 

 



Results 

Systolic blood pressure and circulating renin level 

The ovariectomized (OVX) mice were mostly normotensive. At the end of the 

treatment (week 8), the systolic blood pressure of aliskiren-treated OVX mice was 

slightly lower compared to the untreated OVX mice, but the difference was not 

statistically significant (Table 1). Additionally, the serum level of renin was 

comparable among all groups. Thus, aliskiren did not significantly affect blood 

pressure and the circulating renin level in this animal model. 

 

Biochemical markers in serum and urine 

To clarify the potential effects of renin inhibitor, aliskiren, on bone metabolism of 

OVX mice, the content of calcium in serum and urine and the level of bone turnover 

markers in serum, including osteocalcin (OCN), tartrate-resistant acid phosphatase 

(TRAP), and procollagen type I N-terminal propeptide (PINP), were measured (Table 

1). Ovariectomy did not produce the significant changes of serum Ca, OCN, or PINP, 

but induced the higher level of urinary calcium (P < 0.05) and serum TRAP (P < 0.05) 

than those of Sham group. The treatment of OVX mice by aliskiren at both doses 

could decrease urinary calcium level, and the significant difference (P < 0.05) was 

obtained between the high dose treatment group and OVX group. The value of serum 

TRAP level was comparable between the two aliskiren-treated groups, but statistically 

lower than that of OVX group (P < 0.05). The treatment with aliskiren did not alter 

serum level of calcium, OCN or PINP of OVX mice. 



 

Effects of aliskiren on trabecular bone at lumbar vertebra 

To clarify the effects of aliskiren on trabecular bone at lumbar vertebra (LV) of OVX 

mice, the micro-computed tomography was applied to measure the bone biological 

parameters of LV-2 and LV-5, including connectivity density (Conn.D), bone volume 

over total volume (BV/TV). Ovariectomy alone resulted in the significant decrease (P 

< 0.05) of Conn.D (Fig. 1A) at LV-2 and LV-5 and of BV/TV (Fig. 1B) at LV-2. The 

administration with aliskiren at both doses could dramatically (P < 0.05) increase 

Conn.D and BV/TV at LV-2, and the low dose and high dose of aliskiren could 

enhance (P < 0.05) BV/TV and Conn.D of LV-5, respectively. Furthermore, the 3D 

images at LV-2 (Fig. 1C) showed the breakage and loss of trabecular bone in OVX 

group, and these micro-architectural changes were improved after treatment with 

aliskiren for 8 weeks. Thus, the 3D images obtained from each group were well 

consistent with the quantitative data. 

 

Effects of aliskiren on trabecular bone at distal femoral end 

To quantitatively analyze the effects of aliskiren on trabecular bone of long bone, the 

micro-computed tomography was applied to measure the bone biological parameters 

of trabecular bone at distal femoral end, including connectivity density (Conn.D), 

bone mineral density over bone volume (BMD/BV), bone surface over bone volume 

(BS/BV) and bone volume over total volume (BV/TV). The representative 2D (Fig. 

2A) and 3D (Fig. 2B) images clearly showed the loss of trabecular bone mass and 

micro-architectural networks in OVX group when comparing with that in Sham group, 



and the improvement of these pathological changes of OVX mice in response to 

aliskiren treatment. The quantitative results (Fig.2 C-F) on trabecular bone parameters 

showed the decrease of Conn.D (P < 0.05), BMD/BV (P < 0.05) and BV/TV (P < 

0.01), and the increase of BS/BV (P < 0.05) in OVX group. Low dose of aliskiren 

could significantly reduce BS/BV (P < 0.05) and enhance BV/TV (P < 0.05), and 

aliskiren at high dose could dramatically improve these biological parameters of 

trabecular bone at distal femoral end of OVX mice. 

 

Tartrate-resistant acid phosphatase (TRAP) staining 

TRAP staining was used to investigate the influence of aliskiren on maturation of 

osteoclasts in OVX mice. In the Sham control group, few osteoclasts could be 

identified in the trabecular bone area of LV-4 (Fig. 1D, shown by red arrow) and the 

distal femoral end (Fig. 2G), whereas the distinct increase of TRAP-positive 

osteoclasts in this area was observed in vehicle-treated OVX group, and the treatment 

with aliskiren decreased the osteoclasts number at both bone sites as compared to 

those of OVX mice. 

 

mRNA expression of RAS components in bone 

To determine the involvement of bone RAS in the regulation of aliskiren on bone 

metabolism, the mRNA expressions of RAS components, including renin, 

angiotensinogen (AGT), angiotensin-converting enzyme (ACE), and two types of 

angiotensin II type 1 receptor (AT1Ra, AT1Rb) were measured in tibia (Fig. 3). The 



mice post ovariectomy displayed the significant up-regulation of renin (Fig. 3B, P < 

0.05), AGT (P < 0.01) and ACE (P < 0.01), while, after the treatment with aliskiren, 

the mRNA expression of AGT and AT1Ra was lower (P < 0.05) than those of OVX 

group. The renin, ACE and AT1Rb mRNA expression in bone of OVX mice were not 

affected by aliskiren with either dose. 

 

Protein expression of RAS components in bone 

Besides the mRNA expression, the protein expressions of RAS components, including 

renin, angiotensin II (Ang II), AT1R and AT2R, were measured in tibia (Fig. 3). In 

consistent with the mRNA expression results, as the down-stream product by the 

action of renin and ACE on AGT, the protein expression of the bioactive peptide Ang 

II in RAS was increased in OVX mice and decreased in aliskiren-treated OVX mice 

(Fig. 3D, P < 0.05). In addition, ovariectomy induced the decreased level of AT2R 

protein expression (P < 0.05), and the administration with aliskiren up-regulated 

AT2R protein expression (P < 0.05) and down-regulated AT1R protein expression (P 

< 0.05) in tibia of OVX mice. 

 

Protein expression of B1R and MAS in bone 

Besides the measurements on the expression of RAS components, the protein 

expression of MAS and bradykinin 1 receptor (B1R), the component in the 

kinin-kallikrein system, was determined (Fig. 4). The expression of B1R protein in 

tibia was higher in OVX group than that in Sham group (P < 0.01), and both the low 



dose (P < 0.05) and the high dose (P < 0.01) of aliskiren treatment significantly 

decreased the B1R protein expression of tibia in OVX mice. As noted, there was no 

significant difference of MAS expression among experimental groups. 

 

mRNA expression of osteoclastic and osteocytic markers 

The homeostasis of bone metabolism is partially regulated by the function of 

osteoclasts. Thus, the mRNA expression of osteoclastic markers in tibia was 

determined for further explaining the influence of aliskiren on osteoclasts-involved 

resorptive activity (Fig. 5). The mRNA expression of CAII (P < 0.05), MMP9 (P < 

0.01) and Cathepsin K (P < 0.01) was significantly up-regulated in vehicle-treated 

OVX mice. Both the treatments with aliskiren at low dose and high dose dramatically 

reversed these changes in OVX mice, suggesting the potential modulation of aliskiren 

on osteoclastic resorptive activity. Additionally, the mRNA expression of sclerostin 

(SOST), a secretory product of osteocytes, was also measured. The operation of 

ovariectomy significantly induced the up-regulation (P < 0.01) of SOST mRNA 

expression, which was markedly down-regulated after treatment with low (P < 0.05) 

and high dose (P < 0.01) of aliskiren in OVX mice. 

 



Discussion 

Aliskiren, the first renin inhibitor approved for clinical use, is a small molecule 

competitive inhibitor that specifically inhibits the enzymatic activity of renin [30]. It 

could effectively suppress the rate-limiting step within RAS cascade to reduce the 

production of Ang II, the active peptide with multi-activities involved in tissue 

injuries. The recent studies have demonstrated that aliskiren is able to attenuate the 

progression of nephropathy [31, 32] and cardiovascular diseases [33], and improve 

insulin resistance [34] in diabetic patients and animals. Given that Ang II, the central 

effector of the RAS, activates multiple pathways in skeleton to induce bone 

deteriorations, in this study we demonstrated that the inhibition of renin activity by 

aliskiren alleviated the damages of trabecular bone in OVX mice, confirming the 

crucial role of the renin-angiotensin cascade in the development of postmenopausal 

osteoporosis and the beneficial effect of renin inhibitor aliskiren in osteoporosis 

induced by estrogen deficiency. 

Aliskiren slightly lowered blood pressure in OVX mice, but the effect was not 

statistically significant. This was consistent with previous observations that aliskiren 

did not alter blood pressure in normotensive subjects [35], mice [32] and rats [36] 

(ovariectomy-induced osteoporotic mice were normotensive shown in this study), also 

in agreement with recent reports which demonstrated the blood-pressure independent 

protective effect of aliskiren on tissue injuries [37-39]. Moreover, the serum level of 

renin was not changed in OVX mice upon to aliskiren treatment. Thus, the therapeutic 

effect of aliskiren is unlikely by acting on systemic blood pressure and renin 



production in circulation. 

Renin is the rate-limiting enzyme of the RAS cascade. As such, it is considered as 

an ideal drug target for RAS blockade. The development of direct renin inhibitors (e.g. 

aliskiren), however, is much slower than that of angiotensin-converting enzyme (ACE) 

inhibitors (ACEI) and Ang II receptor blockers (ARB) [40]. Blockade of the RAS 

with ACEI and ARB inevitably disrupts the negative feedback loop that is critical for 

maintaining renin homeostasis, leading to compensatory induction of renin [5, 41]. 

This is the main cause accounting for that the treatment with losartan (belongs to ARB) 

alone could not exert beneficial effects on diabetes-induced osteoporosis [42] and 

hyperglycemia-induced renal disease [5] in type 1 diabetic mice. The emerging 

clinical evidences indicated that the uses of ACEI did not have beneficial effects on 

bones [43], and even led to bone loss in older American men [44], Chinese women 

[41] and Japanese [45]. Thus, whether aliskiren could therapeutically manage bone 

metabolism of OVX mice with experimentally estrogen deficiency-induced 

osteoporosis is the aim of this study. 

The present study showed that the treatment with renin inhibitor aliskiren could 

effectively improve ovariectomy-induced pathological changes of micro-architecture 

of trabecular bone at the lumbar vertebra (LV)-2 and LV-5 including Conn.D and 

BV/TV, and at the distal femoral end including Conn.D, BV/TV, BS/BV and 

BMD/BV. The 2-dimensional (2D) and 3D images of the trabecular bone also 

consistently displayed that the renin inhibitor could recover the trabecular bone 

network as well as raise the bone mass and bone connectivity in osteoporotic mice 



after ovariectomy surgery. These results indicated the preventive effects of inhibiting 

renin activity on loss of bone minerals and damages of trabecular bone structure at 

spine bone and long bone, while, whether there are similar effects of aliskiren on 

cortical bone of long bones (like the diaphysis of tibia and femur) need to be further 

clarified. 

The status of bone metabolism in vivo could be reflected by the bone turnover 

biomarkers in serum and urine. The OVX mice after treatment with aliskiren in this 

study displayed the decreased bone resorption as demonstrated by the reduced 

excretion of urinary calcium and the decreased level of serum TRAP, moreover, 

aliskiren could markedly reduce the TRAP-positive osteoclasts number in trabecular 

bone and down-regulate the expression of osteoclast-specific genes, including 

carbonic anhydrase II (CAII), matrix metalloproteinase (MMP)-9 and Cathepsin K. 

MMP-9 is the enzyme secreted from the ruffled border of osteoclasts to dissolve the 

organic components of bone, and CAII in osteoclasts is responsible for dissolving the 

bone inorganic substance [29]. Cathepsin K, one of proteolytic enzymes, degrades 

organic components in the bone matrix [46]. Therefore, the present study revealed 

that the inhibition of aliskiren on bone resorption via suppressing the 

osteoclastogenesis and the osteoclastic resorptive activity might be the potential 

mechanism for the beneficial effects of aliskiren on trabecular bone of OVX mice. 

It is well known that the high activity of skeletal RAS, especially the increased 

production of Ang II, the bioactive peptide within RAS, would lead to bone injuries 

[10, 11, 14-16]. This study showed that the ovariectomy alone increased the mRNA 



expression of renin, AGT and ACE, consequently increased the Ang II protein 

expression, in accordance with the recent finding that the mRNA expression of renin 

and the protein expression of Ang II were up-regulated in tibia of rat with 

hyperglycemia [47]. After the treatment with aliskiren, the expression of AGT and 

Ang II was almost recovered to the level of Sham group. Furthermore, the present 

results showed the aliskiren-induced down-regulation of sclerostin (SOST), which is 

expressed chiefly on bone cells (osteocytes) and functionally inactivates Wnt 

signaling pathway, thereby SOST is a physiological inhibitor of bone formation [48]. 

The regulation of aliskiren on SOST expression was, at least partially, attributed to its 

down-regulating effect on AT1Ra mRNA expression and AT1R protein expression, 

as the AT1Ra-deficienct mice displayed a decreased expression of SOST in bone [16]. 

Thus, this study fully suggested the key role of skeletal RAS in estrogen 

deficiency-induced osteoporosis and provided a choice to target skeletal RAS, 

especially the renin activity, when performing the drug discovery for 

anti-postmenopausal osteoporosis. 

Several publications raised the possibility that AT1R and AT2R carry out negative 

cross-talk within fibroblasts and vascular endothelial cells with respect to each other’s 

signaling pathways and responses [49]. This study revealed that the expression of 

AT2R was lower in OVX mice than that in Sham mice, which was consistent with that 

AT2R is the protective arm of RAS and counterbalances pathological processes and 

enable recovery from disease [50, 51]. Of importance, the oppose regulation of 

aliskiren on AT1R and AT2R showed the unique characteristic of renin inhibitor, 



which contributed to its protective effects against bone deteriorations by interacting 

with Ang II signaling pathways. 

Besides the RAS, bradykinin, the major effector peptide of the kallikrein-kinin 

system (KKS), could increase osteoclastic formation, consequently stimulate bone 

resorption and reducing BMD through acting on the seven transmembrane G 

protein-coupled receptor, named B1R [52, 53]. The present study showed that 

aliskiren decreased the protein expression of B1R in OVX mice, indicating the use of 

aliskiren might reduce the B1R-involved signals of bradykinin in bone, thereafter 

locally improve bone metabolism. While the underlying mechanism for the 

modulation of aliskiren on KKS need to be further elucidated. 

Taken together, the present study demonstrated that the trabecular bone was acted 

by renin inhibitor aliskiren besides its widely reported targeting tissues like heart, 

kidney, vascular and brain. Importantly, our study revealed the beneficial effects of 

aliskiren on trabecular bone of osteoporotic mice induced by estrogen deficiency, 

suggesting its potential application in clinic to manage postmenopausal osteoporosis. 

The underlying pharmacological mechanism may, at least partially, due to the 

regulation of aliskiren on osteoclast-involved bone resorptive activity, via acting on 

the Ang II and bradykinin signaling pathways in skeletal RAS and KKS, respectively. 

The potential efficacy of renin inhibitor on improving bone metabolism for 

postmenopausal women, especially those associated with hypertension, need to be 

further elucidated. 
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Figure legends 

Figure 1 

Quantitative biological parameters (A, B) of the trabecular bone at lumbar vertebra 

(LV)-2 and LV-5, measured by micro-computed tomography, and the representative 

micro-computed tomography 3-dimensional images (C) of LV-2 as well as the 

tartrate-resistant acid phosphatase staining (D) of the trabecular bone at LV-4 were 

shown in Sham mice and OVX mice treated with vehicle (OVX) or low (LA, 5 mg/kg) 

or high (HA, 25 mg/kg) dose of renin inhibitor, aliskiren, for 8 weeks. Conn.D, 

connectivity density; BV/TV, bone volume over total volume. D, osteoclasts shown 

by arrows in red (magnification, ×100). Values are expressed as means ± SEM, n = 

7~8. * P < 0.05, vs. Sham; # P < 0.05, ## P < 0.01, vs. OVX. 

 

Figure 2 

A representative microcomputed tomography 2- (A) and 3-dimensional (B) image, the 

quantitative biological parameters (C-F), and the tartrate-resistant acid phosphatase 

staining (G) of the trabecular bone at distal femoral end in Sham mice and OVX mice 

treated with vehicle (OVX) or low (LA, 5 mg/kg) or high (HA, 25 mg/kg) dose of 

renin inhibitor, aliskiren, for 8 weeks. Conn.D, connectivity density; BMD/BV, bone 

mineral density over bone volume; BS/BV, bone surface over bone volume; BV/TV, 

bone volume over total volume. G, osteoclasts shown by arrows in red (magnification, 

×200). Values are expressed as means ± SEM, n = 7~8. * P < 0.05, ** P < 0.01, vs. 

Sham; # P < 0.05, vs. OVX. 



 

Figure 3 

mRNA expression of RAS components in tibia (A), and the densitometric 

quantification of the mRNA expression levels, which are expressed as a ratio to the 

expression of GAPDH (B). Protein expression of renin, angiotensin II (Ang II) and its 

receptors in tibia (C) and the densitometric quantification of the protein expression 

levels, which are expressed as a ratio to the expression of β-actin (D). AGT, 

angiotensinogen; ACE, angiotensin-converting enzyme. AT1R, Ang II type 1 receptor; 

AT2R, Ang II type 2 receptor. Values are expressed as means ± SEM, n = 6. * P < 

0.05, ** P < 0.01, vs. Sham; # P < 0.05, vs. OVX. 

 

Figure 4 

Protein expression of bradykinin receptor-1 and MAS in tibia (A) and the 

densitometric quantification for Western blotting, which are expressed as a ratio to the 

expression of β-actin (B). Values are expressed as means ± SEM, n = 6. Values are 

expressed as means ± SEM, n = 6. ** P < 0.01, vs. Sham; # P < 0.05, ## P < 0.01, vs. 

OVX. 

 

Figure 5 

mRNA expression of osteoclastic- and osteocytic-specific genes in tibia (A), and the 

densitometric quantification of the mRNA expression levels, which are expressed as a 

ratio to the expression of GAPDH (B). CAII, carbonic anhydrase II; MMP9, matrix 



metalloproteinase-9; SOST, sclerostin. Values are expressed as means ± SEM, n = 6. 

* P < 0.05, ** P < 0.01, vs. Sham; # P < 0.05, ## P < 0.01, vs. OVX. 



Table 1 Effects of aliskiren on blood pressure and biochemical markers in serum and urine of ovariectomized mice 

 

 Serum Ca 

(mg/L) 

Urine Ca/Cr 

(mg/mg) 

Serum OCN 

(ng/ml) 

Serum TRAP 

(U/L) 

Serum PINP 

(ng/ml) 

Serum Renin 

(ng/ml) 

Blood Pressure 

(mmHg) 

Sham   90.6 ± 3.5   0.119 ± 0.012   45.5 ± 6.1  9.23 ± 0.51 41.6 ± 2.0 10.8 ± 1.2 107 ± 4 

OVX 87.7 ± 3.4 0.210 ± 0.036*   36.7 ± 3.2  11.25 ± 0.58* 40.2 ± 2.3 10.5 ± 1.3 111 ± 6 

OVX+LA   88.5 ± 2.0   0.152 ± 0.031   40.0 ± 3.1 7.84 ± 0.33# 41.2 ± 1.2 11.0 ± 1.3 110 ± 3 

OVX+HA 89.1 ± 3.3 0.106 ± 0.009#   48.0 ± 7.4  7.91 ± 0.41# 39.4 ± 2.0 9.9 ± 0.8 108 ± 5 

Sham and OVX mice were subjected to the following treatments for 8 weeks: Sham, Sham-operated mice with vehicle treatment; OVX, ovariectomized 

mice with vehicle treatment; OVX+LA, OVX mice with low dose of aliskiren (5 mg/kg); OVX+HA, OVX mice with high dose of aliskiren (25 mg/kg). 

Values are expressed as means ± SEM, n = 8 in each group. * P < 0.05, vs. Sham; # P < 0.05, vs. OVX. Ca, calcium; Cr, creatinine; OCN, osteocalcin; TRAP, 

tartrate-resistant acid phosphatase; PINP, procollagen type I N-terminal propeptide. 
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Figure 5 
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