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Abstract: Objective: This study was performed to investigate bone deteriorations and the involvement of skeletal 
renin-angiotensin system (RAS) and kallikrein-kinin system (KKS) of male rat in response to the hyperglycemia. 
Methods: The biomarkers in serum and urine were measured by ELISA kit, and tibias were taken for the measure-
ment on gene, protein expression and histological analysis, feumrs were taken for the measurement on biome-
chanical parameters and micro-CT. Results: The DM1 showed the decreased level of osteocalcin, testosterone and 
FGF-23, and the increased level of serum CTX as compared to those of vehicle group. The H&E staining showed re-
markable bone deteriorations, including increased disconnections and separation of trabecular bone among growth 
plate and joint cartilage in DM1 group. Biomechanically, the maximum load, maximum stress, and strain parameter 
of DM1 group was significantly lower than control group. Type 1 diabetic mice displayed bone loss shown the re-
duction of bone volume/total volume, trabecular number, trabecular thickness and bone mineral density. The STZ 
injection significantly up-regulated mRNA expression of AT1R, AGT, renin, renin-receptor, and ACE, and the expres-
sion of AT2R, B1R and B2R were down-regulated in tibia of rat in hyperglycemia group. The protein expression of 
renin, ACE and Ang II were significantly up-regulated, and AT2R, B1R and B2R were down-regulated in DM1 group. 
Conclusions: The treatment of hyperglycemia was detrimental to bone as compared to the vehicle group, and the 
underlying mechanism was mediated, at least partially, through down-regulation of KSS activity and up-regulation 
of RAS activity in local bone.
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Introduction

The renin-angiotensin system (RAS) plays an 
important role in the regulation of the cardio-
vascular system and the kallikrein-kinin system 
(KKS) appears to counteract most of the RAS 
effects [1]. The RAS and the KKS each encom-
passes a large number of molecules that par-
ticipate in many diverse aspects of physiology 
and pathophysiology such as angiogenesis [2, 
3], insulin resistance [4, 5], atherosclerosis [6, 
7], diabetic nephropathy [8, 9], and cardiac 
hypertrophy [10, 11]. Recent studies showed 
that tissue RAS or KKS can autonomic control 
in rats with overactivity [1, 12]. Moreover, plas-
ma KKS assembly and activation can counter-
balance the RAS activity [12]. Dramatically, 
angiotensin-converting enzyme (ACE) inhibitors 
influence the kallikrein-kinin system and report-

edly have immunomodulatory characteristics. 
Modulation of KKS by ACE inhibitor, enalapril, 
alleviates experimental autoimmune encepha-
lomyelitis through up-regulation the expression 
of bradykinin. Additionally, bradykinin receptor 
antagonist administration reduced the favor-
able effects of enalapril [13]. All available evi-
dence indicates that there are numerous inter-
actions between the renin-angiotensin system 
and kallikrein-kinin system in local tissue.

Estrogen deficiency rat model revealed that Ang 
II could stimulate the differentiation and activity 
of osteoclasts in vivo. As a key active peptide in 
RAS, Ang II could accelerate osteoporosis of 
OVX rats [14]. Ang II has been shown to act on 
osteoblasts to stimulate the production of the 
osteoclastogenic cytokine, receptor activator of 
NF-κB ligand (RANKL), thereby increasing the 
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differentiation of osteoclasts indirectly [15]. 
Moreover, the local RAS in bone was involved in 
age-related osteoporosis of aging mice [16], 
bone deterioration of mice with unilateral urer-
eral obstruction [17], and glucocorticoid -in- 
duced osteoporotic rabbit [18]. It was reported 
that hyperglycemia could lead to bone deterio-
rations due to the high activity of skeletal RAS 
[19]. However, whether the local interaction 
between RAS and KKS in bone is involved in 
the skeletal deteriorations associated with 
hyperglycemia is not known yet.

Studies in kininogen-deficient rats and B1 and 
B2 receptor gene knockout mice provide evi-
dence for an important role for kinin peptides in 
the regulation of blood pressure and sodium 
homeostasis, renal response to vasopressin, 
insulin sensitivity, and in contributing to inflam-
matory processes [20]. There have been re- 
ports that B2 receptor and tissue kallikrein 
gene knockout mice develop cardiomyopathy, 
and that the tissue kallikrein gene knockout 
mice develop impaired flow-induced vasodilata-
tion [21]. In mice knockout the bradykinin B1 
receptor (Bdkrb1 (-/-)), the results indicated 
that Bdkrb1 (-/-) mice exhibiting increased bone 
loss. Bone marrow cells from Bdkrb1 (-/-) dis-
played increased differentiation into functional 
osteoclasts with consistent artificial calcium 
phosphate degradation [22]. More than that, 
lack of B1R and B2R exacerbates diabetic com-
plications such as renal injury and bone miner-
al loss [23]. Furthermore, the enhanced kinin 
B1 and B2 receptor expression induced by the 
pro-inflammatory cytokines might be involved 
in enhancing bone resorption [24].

We hypothesized that the local RAS and KKS in 
bone might be involved in the pathogenesis of 
hyperglycemia. Therefore, the aim of the pres-
ent work was to investigate the interaction 
between RAS and KKS in bone which is involved 
in the skeletal deteriorations associated with 
type 1 diabetes mellitus (DM1) induced by 
streptozotocin (STZ).

Materials and methods

Animal treatment

Ten-week-old male Sprague-Dawley rats (Slac 
Laboratory Animal, Shanghai, China) were 
allowed to acclimate to the environment for 1 
week. All experimental procedures were carried 
out in accordance with the guidelines of the 
Shanghai Science and Technology Council on 

Animal Care. All chemicals and reagents were 
purchased from Sigma (Oakville, Ontario, Ca- 
nada), except where noted.

The rats were randomly divided into two groups: 
(1) control group (n=10); (2) streptozotocin 
(STZ)-induced hyperglycemia rats (DM1, n=12). 
The animals were induced hyperglycemia by 
intraperitoneal injection of STZ, dissolved in 
citrate buffer (0.1 M at pH 4.5), at 60 mg/kg 
body weight with singly injection. The rats in 
control group were injected with solvent. All 
mice were sacrificed 8 weeks after STZ injec-
tion. The fasting blood glucose (FBG) levels 
were measured with a blood glucose monitor-
ing system (Roche). Body weight and FBG were 
recorded every two weeks during experimental 
period. The animals were treated in accordance 
with the guidelines of the Animal Ethic Com- 
mittee of The Second Affiliated Hospital of 
Soochow University.

Chemistries in serum and urine

The concentrations of calcium (Ca) and creati-
nine (Cr) from 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 testosterone, fibro-
blast growth factors-23 (FGF-23), osteocalcin 
and  C-terminal telopeptide of type I collagen 
(CTX) were measured using ELISA kits (Immu- 
topics, Inc., San Clemente, CA, USA) with ELISA 
reader (MD SpectraMax M5, USA). 

Bone histology

The tibias were decalcified in 0.5 M EDTA (pH 
8.0) and then embedded in paraffin by stan-
dard histological procedures. Section of 5 μm 
were cut and stained with hematoxylin & eosin 
(H&E), and visualized under a microscope (Lei- 
ca DM 2500).

The BMD of femurs were measured by dual-
energy X-ray absorptiometry (DEXA) (LUNAR 
DPXIQ, GE Healthcare, USA). After DEXA mea-
surements, the trabecular bone microarchitec-
ture of the distal femoral metaphysis was mea-
sured using a microtomography scanner (Sky- 
Scan 1076, Kontizh, Belgium) with a slice thick-
ness of 22 μm. The volume of interest (VOI) was 
trabecular compartments based on 100 con-
secutive slices away from the distal femur 
growth plate. The 3D images were obtained for 
visualization and display. Bone morphometric 
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parameters, including bone volume over total 
volume (BV/TV), trabecular number (Tb.N), and 
trabecular thickness (Tb.Th), were obtained by 
analyzing the VOI.

Biomeehanical parameters

Femurs were placed on the Instron machine 
(Instron Microtester 5848, Instron Corp., USA) 
in a three-point bending configuration. The load 
was applied at the mid-diaphysis in an antero-
posterior direction with a loading speed of 5 

chain reaction

The proximal tibia of each animal was crushed 
under liquid nitrogen conditions and RNA ex- 
traction was performed according to the TRIzol 
manufacturer’s protocol (Invitrogen, Carlsbad, 
CA, USA). RNA integrity was verified by agarose 
gel electrophoresis. Synthesis of cDNAs was 
performed by reverse transcription reactions 
with 2 μg of total RNA using moloney murine 
leukemia virus reverse transcriptase (Invi- 
trogen) with oligo dT (15) primers (Fermentas) 
as described by the manufacturer. The first 
strand cDNAs served as the template for the 
regular polymerase chain reaction (PCR) per-
formed using a DNA Engine (ABI 7300). Gly-
ceraldehyde 3-phosphate dehydrogenase (GA- 
PDH) as an internal control was used to normal-
ize the data to determine the relative expres-
sion of the target genes. The reaction condi-
tions were set according to the kit instructions. 
After completion of the reaction, the amplifica-
tion curve and melting curve were analyzed. 
Gene expression values are represented using 
the 2-ΔΔCt method. The PCR primers of the 
RAS and KKS components used in this study 
were shown in Table 1.

Western blotting

The proximal tibia were homogenized and 
extracted in NP-40 buffer, followed by 5-10 min 
boiling and centrifugation to obtain the super-
natant. Samples containing 50 μg of protein 
were separated on 10% SDS-PAGE gel, trans-
ferred to nitrocellulose membranes (Bio-Rad 
Laboratories, Hercules, CA, USA). After satura-
tion with 5% (w/v) non-fat dry milk in TBS and 
0.1% (w/v) Tween 20 (TBST), the membranes 
were incubated with the following antibodies, 
bradykinin B1 receptor (B1R), bradykinin B2 
receptor (B2R), angiotensin II type 1 receptor 

Table 1. Primers sequence used for RT-PCR analysis
Gene Forward primer sequence (5’ 3’) Reverse primer sequence (5’ 3’)
AT1R CCATCACCAGATCAAGTGCA TGGGGCAGTCATCTTGAATTCT
AT2R ACTTCTCCCTTGCCACCATC ATCTTATCCGATGGCTTATG
ACE CCCATCTGCTAGGGAACATGT GGTGTCCATCCCTGCTTTATCA
Renin GAGGCCTTCCTTAGCCAATC TGTGAATCCCACAAGCAAGG
Renin-receptor CTTTAGCGAGGAGAGAGTGTAT ATGTAGCACTTGCAGTTCGGAGAGA
AGT CGAGTGGGAGAGGTTCTCAA CTCGTAGATGGCGAACAGGA
B1R GCATCCCCACATTCCTTCTA AAGAAGTGGTAAGGGCACCA
B2R CTTGGGTGAGCTCAGTGTCA TAGGGGCAGACATTTGAAGG
GAPGH GGTGCTGAGTATGTCGTG TTGAGCTCTGGGATGACC

mm/min until the femur 
fractured. The load, st- 
ress, and strain-deflec-
tion curves were auto-
matically calculated by 
the computer using the 
Bluehill software. The 
femora were kept moist 
at all times during the 
testing. The parameters 
measured were load, 
stress, and strain.

Real time-polymerase 

Figure 1. Body weight (BW) and fasting blood glu-
cose (FBG) throughout the study. BW (A) and FBG (B) 
were recorded every two weeks during experimental 
period. Values are expressed as mean ± SEM, n=10 
in each group. *P < 0.05, **P < 0.01, ***P < 0.01, 
versus control group.
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(AT1R), angiotensin II type 2 receptor (AT1R), 
angiotensin-converting enzyme (ACE), renin, 
renin-receptor (R-R), angiotensinogen (AGT) (Sa- 
nta Cruz, USA), at dilutions ranging from 1:500 
to 1:2,000 at 4°C over-night. After three wash-
es with TBST, membranes were incubated with 
secondary immunoglobulins (Igs) conjugated to 
IRDye 800CW Infrared Dye (LI-COR), including 
donkey anti-goat IgG and donkey anti-mouse 
IgG at a dilution of 1:10,000-1:20,000. After 1 
hour incubation at 37°C, membranes were 
washed three times with TBST. Blots were visu-
alized by the Odyssey Infrared Imaging System 
(LI-COR Biotechnology). Signals were densito-
metrically assessed (Odyssey Application Sof- 

urine Ca excretion as compared to those of 
vehicle group (Figure 2A and 2B). Additionally, 
DM1 group showed significantly lower testos-
terone, FGF-23 and osteocalcin compared to 
vehicle group (Figure 2C-E). There was signifi-
cant difference in the CTX levels between the 
vehicle and DM1 groups (Figure 2F).

Bone histology

Histological analysis on trabecular bone in 
proximal metaphysis of the tibia was performed 
by H&E staining (Figure 3A and 3B). H&E stain-
ing showed the increased disconnections and 
separation of trabecular bone zone among 
growth plate and joint cartilage, and trabecular 

Figure 2. Biochemical parameters analysis of serum and urine. Serum 
calcium (Ca) (A), urine calcium (Ca) (B), testosterone (C), fibroblast growth 
factors-23 (FGF-23) (D), osteocalcin (E) and C-terminal telopeptide of type 
I collagen (CTX) (F). Values are expressed as mean ± SEM, n=7-10 in each 
group. *P < 0.05, versus control group.

tware version 3.0) and normalized 
to the β-actin signals to correct for 
unequal loading using the mouse 
monoclonal anti-β-actin antibody 
(Bioworld Technology, USA).

Statistical analysis

The data from these experiments 
were reported as mean ± stan-
dard errors of mean (SEM) for 
each group. All statistical analyses 
were performed by using PRISM 
version 4.0 (GraphPad). Inter-gr- 
oup 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. 
Differences with P value of < 0.05 
were considered statistically sig- 
nificant.

Results

Basic physiological and biochemi-
cal parameters

Four weeks after the STZ injec-
tion, the mean BW of the STZ-
treated rat was significantly lower 
than that of the control group 
(Figure 1A). The FBG value of DM1 
rats rose from 14 mmol/L at week 
2 to 29 mmol/L at week 8. The 
FBG in the DM1 group was signifi-
cantly increased compared to that 
of the vehicle group from week 2 
to week 8 (Figure 1B). 

The Ca level was determined in 
the serum and urine, decreased 
the serum Ca level and increased 
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bone network as well as the reduction of tra-
becular bone mass of primary and secondary 
spongiosa throughout the proximal metaphysis 
of tibia at DM1 group.

Micro-CT analysis and BMD

Three-dimensional images of the distal metaph-
ysis of the femur with differences in the trabec-
ular microarchitecture between the control 
group and DM1 group were presented in Figure 
3C and 3D. Furthermore, the decreased in BV/
TV (Figure 3E), Tb.N (Figure 3F), and Tb.Th 
(Figure 3G) was significantly different between 
the DM1 group and the vehicle group. We also 
found that the femoral BMD values in DM1 
group decreased significantly (Figure 3H).

Biomechanical parameters

As for the biomechanical parameters, there 
was significant difference between the vehicle 
and DM1 groups, the significantly lower maxi-
mum load (Figure 3I), maximum stress (Figure 
3J), and strain (Figure 3K) parameters for the 
DM1 group compared to the vehicle group. 

MRNA and protein expression of skeletal RAS 
and KKS components

The mRNA and protein expression of AT1R and 
ACE were significantly higher in proximal tibia of 
DM1 group than vehicle group (Figure 4A, 4C, 
4I and 4J). The mRNA expression of renin 
(Figure 4D), R-R (Figure 4E), AGT (Figure 4F) 

Figure 3. Histological staining, three-dimensional architecture and Biomechanical parameters. Hematoxylin and 
eosin staining of the proximal metaphysis of the tibia, trabecular bone zone among growth plate and joint cartilage 
were shown (A and B). Three-dimensional architecture of trabecular bone within the distal femoral metaphyseal 
region of femurs (C and D), BT/TV the trabecular bone volume over total volume (E), Tb. N number of trabeculae (F), 
Tb. Th thickness of the trabeculae (G), and BMD bone mineral density (H). Biomechanical parameters of femur with 
maximum load values (I), maximum stress values (J) and Strain values (K). Values are expressed as mean ± SEM, 
n=5 in each group. *P < 0.05, versus control group.
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and the protein expression of Ang II (Figure 4I 
and 4J) were increased in DM1 group. In- 
terestingly, STZ induction showed a tendency to 
down-regulate the mRNA and protein expres-
sion of AT2R, bradykinin B1 and B2 receptor 
(Figure 4B and 4G-J), the knockout of which 
could induce bone deteriorations.

Discussion

Type 1 diabetes mellitus (DM1) results in hyper-
glycemia because of an absolute insulin insuf-
ficiency. This leads to many complications, both 
microvascular and macrovascular pathological 
changes [25]. Recent clinical surveys showed 
that DM1 elevates fracture risks of hip, verte-
bral, proximal humerus, tibia, wrist and ankle 
independent of BMD [26-29]. Moreover, DM1 

has been recognized a relationship between 
diabetes, delayed healing of fractures and bone 
defects in animal models [19, 30]. Recent stud-
ies showed that bone tissue RAS or KKS play a 
vital role in bone deteriorations during hypergly-
cemia [19, 22, 23]. However, the pathological 
role of skeletal interaction between the RAS 
and KKS in bone deteriorations induced by 
hyperglycemia is not clearly known. Therefore, 
the present study was performed to investigate 
the possible pathological mechanism, from the 
view of skeletal interaction between RAS and 
KKS, involved in bone damages of hyperglyce-
mia induced by streptozotocin (STZ) injection.

In this study STZ injection successfully led to 
hyperglycemia, 14 mmol/L < FBG, of rat in DM1 

Figure 4. mRNA and protein expression of the RAS and 
KKS components. mRNA expression of AT1R angio-
tensin II type 1 receptor (A), AT2R angiotensin II type 
2 receptor (B), ACE angiotensin-converting enzyme (C), 
renin (D), renin-receptor (E), AGT angiotensinogen (F), 
B1R bradykinin B1 receptor (G), B2R bradykinin B2 
receptor (H) in tibia of rat. Protein expression of AT1R, 
AT2R, ACE, Ang II angiotensin II, B1R and B2R in tibia of 
rat (I) and densitometric quantification (J). Values are 
expressed as mean ± SEM, n=10 in each group. *P < 
0.05, versus control group.
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group. The STZ-induced increasing in bone re- 
sorption was confirmed by the increased le- 
vel of CTX and the decreased level of osteocal-
cin in the serum, and the decreased level of 
serum Ca and the increased level of urinary Ca 
excretion. Moreover, histological staining also 
confirmed the results. A recently identified ph- 
osphatonin, known as fibroblast growth factor 
23 (FGF-23), disclosed new pathways in the 
pathophysiology of mineral metabolism [31]. 
Clinical studies had shown that the downregu-
lation of serum FGF-23 levels in Crohn disease 
appeared as a secondary compensatory effect 
on the bone and mineral metabolism induced 
by chronic intestinal inflammation [32]. This 
study provided evidence that the down-regula-
tion of serum FGF-23 levels in diabetic rat. 
Interestingly, we demonstrated that the decre- 
ased level of testosterone in the serum of rat in 
DM1 group. Clinical surveys showed that total 
osteocalcin was positively correlated with����� ����tes-
tosterone in male patients with T2DM, so total 
osteocalcin might predict the testosterone le- 
vel in the serum [33]. In an aged orchidect-
omised rat model [34], testosterone replace-
ment was able to raise the testosterone level 
and restore the bone volume of orchidect-
omised rats. We proposed that hyperglycaemia 
may tend to suppress testosterone level and 
enhance bone calcium loss and collagen degra-
dation in type 1 diabetic rat.

We had analyzed the mRNA and protein expres-
sion of the RAS and KKS components, down-
regulation of KSS and up-regulation of RAS 
activity. In this study, clear evidence was pro-
vided for the existence of a cross-talk of RAS 
with KKS during bone deterioration involved in 
the development and progression of type 1 dia-
betes mellitus. The RAS and KKS interact at 
several aspects. Plasma kallikrein has been 
implicated in the activation of pro-renin [20]. 
Renin or/and pro-renin as a moderator could 
control RAS to start, and independent play to 
its own physiological function mediated by its 
receptor [35]. Moreover, kallikrein can cleave 
angiotensinogen to generate Ang II directly 
[20]. In addition to inhibition of bradykinin me- 
tabolism, ACE inhibitors potentiate the effects 
of bradykinin by a process dependent on cross 
talk between ACE and the B2 receptor [36]. 
Another example of interaction between the 
RAS and KKS is the formation of heterodimer 
between AT1 and B2 receptor; the heterodimer 
may contribute to the increased resistance of 
AT1 receptors to inactivation [37]. In this study, 

we demonstrated that the expression of AT1R 
was up-regulated and the expression of B2R 
was down-regulated in tibia of mice in DM1 
group. Further evidence of interaction between 
the RAS and KKS is the finding that the B2 
receptor antagonist HOE 140 can prevent so- 
me of the consequences of AT1 receptor antag-
onism [38, 39], suggesting that bradykinin may 
mediate some of the effects of AT1 receptor 
antagonism. One possible mechanism is that 
activation of the AT2 receptor during AT1 recep-
tor antagonism may lead to increased bradyki-
nin formation [38]. Interestingly, in the present 
study, a treatment of hyperglycemia could obvi-
ously inhibit the expression of AT2R in tibia of 
rat in DM1 group. 

Taken all together, our results identified that 
the hyperglycemia induced bone deteriorations 
performance in the three-dimensional struc-
ture degradation and biomechanical strength 
reduction. The underlying mechanism was me-
diated, at least partially, through down-regula-
tion of KKS activity and up-regulation of RAS 
activity. Moreover, these studies will identify 
new potential therapeutic targets to treat dia-
betic complications.
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