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Abstract

Calcium channel blockers (CCBs), which are widely used in the treatment of hypertension, have been
shown to influence bone metabolism. However, there is little information on whether CCBs also influence
the process of fracture healing. Therefore, the effect of the CCB amlodipine on bone healing was studied in a
stable closed fracture model in mice using intramedullary screw fixation. Bone healing was investigated by
radiology, biomechanics, histomorphometry and Western blot analysis 2 and 5 weeks after fracture healing.
Animals were treated daily (post operatively) per os using a gavage with amlodipine low dose (1 mg/
kg body weight, n = 20), amlodipine high dose (3 mg/kg body weight, n = 20) or vehicle (NaCl) (control,
n =20) serving as a negative control. At 2 and 5 weeks, histomorphometric analysis revealed a significantly
larger amount of bone tissue within the callus of amlodipine low-dose- and high-dose-treated animals
when compared to controls. This was associated with a smaller amount of cartilaginous and fibrous tissue,
indicating an acceleration of fracture healing. Biomechanics showed a slightly, but not significantly, higher
bending stiffness in amlodipine low-dose- and high-dose-treated animals. Western blot analysis revealed a
significantly increased expression of bone morphogenetic protein (BMP)-2 and vascular endothelial growth
factor (VEGF). Moreover, the analysis showed a 5-fold higher expression of osteoprotegerin (OPG) and a
10-fold elevated expression of the receptor activator of NF-kB ligand (RANKL), indicating an increased bone
turnover. These findings demonstrated that amlodipine accelerated fracture healing by stimulating bone
formation, callus remodelling and osteoclast activity.
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Introduction

Hypertension is one of the major challenges for the
public health care system, as it continues to be a
critical contributor to the global burden of disease
and mortality, leading to 9.4 million deaths each year
(Oparil et al., 2018). An appropriate hypertension
treatment with antihypertensive agents provides
a better quality of life and substantially decreases
both morbidity and mortality (Elliott et al., 2007).
Drugs that are among the primary choices of
hypertension treatment include calcium channel
blockers (CCBs). They act by blocking the voltage-
dependent calcium channels in arteriolar smooth
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muscle cells, thus reducing the peripheral vascular
resistance and, as a consequence, blood pressure
(Katz et al., 1984). However, since CCBs interfere
with the transportation of calcium through cell
membranes, they may affect a range of metabolic
processes, including bone metabolism (Duriez et
al., 1990). In fact, various clinical and experimental
studies suggest that CCBs influence skeletal calcium
metabolism due to the presence of L-type channels in
osteoblastic cells (Shimizu et al., 2012). Amlodipine,
a dihydropyridine-type CCB of the third generation,
was developed to improve the therapeutic efficiency
of this class of drugs and, simultaneously, decreasing
the frequency of adverse effects (Clement ef al., 1994).
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Nonetheless, some authors reported an adverse effect
of amlodipine on the process of bone regeneration.
Teofilo et al. (2001) evaluated the effect of the chronic
use of amlodipine on dental alveolar repair and
observed a significantly delayed healing after tooth
extraction. Moreover, Moraes et al. (2011), using a
rat bone defect model of the mandibular ramus,
revealed that amlodipine delays the repair process
and compromises the formation of new bone tissue.

Amlodipine exerts cyto-protective effects from
oxidative stress (Choi ef al., 2014; Park ef al., 2019)
and hypoxia-induced apoptosis (Nehra et al., 2014).
In addition, amlodipine treatment significantly
increases the in vitro mineralisation of the osteoblastic
cell line MC3T3-E1 (Nishiya ef al., 2001) and mitigates
the negative effects of orchidectomy by enhancing
bone mineral density in rats (Gradosova et al., 2012).
While there are controversial data on whether
amlodipine benefits or impairs bone metabolism,
there is a complete lack of data on whether this
antihypertensive drug influences the process of
long-bone healing after fracture. Therefore, the effect
of amlodipine on fracture healing was studied in a
standardised, stable closed femur fracture model in
mice.

Materials and Methods

Animals and drugs

A total number of 60 CD-1 mice 12-16 weeks old
were used. They were kept on a 12 h light/dark cycle
and fed a standard pellet diet and water ad libitum.
All animal procedures were performed according
to the National Institutes of Health guidelines for
the use of experimental animals and the German
legislation on the protection of animals. Experiments
were approved by the local governmental animal
protection committee. Animals were divided into
3 groups of 20 mice each and treated daily with
amlodipine (Pfizer) low dose [1 mg/kg body weight
(BW)], amlodipine high dose (3 mg/kg BW) or
vehicle [NaCl, control (Ctrl)] post operatively using
a gavage. All animals were included in the analysis.
The dosages of 1 mg/kg and 3 mg/kg BW used in
the present study corresponded to those used in
previous experimental studies (Halici et al., 2008;
Zivna et al., 2018).

Surgical procedure

Mice were anaesthetised by intraperitoneal injection
of xylazine (25 mg/kg BW) and ketamine (75 mg/g
BW). To evaluate the effect of amlodipine on fracture
healing in mice, a well-established stable closed
femoral fracture model, including intramedullary
fixation with the MouseScrew (AO Foundation,
Research Implants System, Davos, Switzerland),
was used (Fig. 1a). Under aseptic conditions, a
medial parapatellar incision was performed at the
right knee and the patella was dislocated laterally
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(Fig. 1b). After drilling a hole (diameter 0.5 mm)
into the intercondylar notch, an injection needle
with a diameter of 0.4 mm was implanted through
the intramedullary canal (Fig. 1c). Subsequently, a
tungsten guidewire (diameter 0.2 mm) was inserted
through the intramedullary canal. After removal of
the needle, the femur was fractured using a 3-point
bending device (Fig. 1d) and an intramedullary
medical stainless-steel screw (18 mm length, 0.5 mm
diameter) was implanted over the guidewire to
stabilise the fracture (Holstein et al., 2009) (Fig.
le). After fixation of the fracture, the wound was
closed using 6-0 synthetic sutures (Fig. 1f). Fracture
reduction and implant position were confirmed by
radiography (Fig. 1g). Due to the highly standardised
procedures, none of the animals had to be excluded
from the present study.

Radiological analysis

At the end of the 2- and 5-week observation periods,
the animals were re-anaesthetised and ventro-dorsal
X-rays (MX-20, Faxitron X-ray Corporation) of the
healing femora were performed. Fracture healing
was analysed according to the classification of
Goldberg, with stage 0 indicating radiological non-
union, stage 1 indicating possible union and stage 2
indicating radiological union (Goldberg et al., 1985).

Biomechanical analysis

For biomechanical analysis, the right and left femora
were resected at 2 (n = 8 each group) and 5 weeks
(n = 8 each group) and freed from soft tissue. After
removing the implants, callus stiffness was measured
using a three-point bending device (Mini-Zwick Z 2.5;
Zwick, Ulm, Germany). Due to the different stages
of healing, the loads which had to be applied varied
markedly between the individual animals. Loading
was stopped individually in every case when the
actual load-displacement curve deviated more than
1 % from linearity (Schoen et al., 2008). To guarantee
standardised measuring conditions, femora were
always mounted ventral aspect upwards. A working
gauge length of 6 mm was used. Applying a gradually
increasing bending force of 1 mm/min, the bending
stiffness (N/mm) was calculated from the linear elastic
part of the load displacement diagram. Macroscopical
and microscopical (histology) assessment was
performed to ensure that the load was not destructive.
To account for differences in bone stiffness in the
individual animals, the unfractured left femora were
also analysed, serving as internal controls. All values
of the fractured femora are given as absolute values
and percentages of the corresponding unfractured
femora.

Histomorphometric analysis

For histological analysis, bones were fixed in IHC zinc
fixative (BD Pharmingen, San Diego, CA, USA) for
24 h, decalcified in 13 % ethylenediaminetetraacetic
acid (EDTA) solution for 2 weeks and embedded
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in paraffin-wax. Longitudinal sections of 5 um
thickness were stained according to the trichrome
method. Structural indices were calculated using
light microscopy with a 1.25x lens (Olympus BX60
Microscope; Zeiss Axio Cam and Axio Vision 3.1)
according to the suggestion provided by Gerstenfeld
et al. (2005) using the Image] Analysis System (NIH,
Bethesda, MD, USA). These included bone (total
osseous tissue) callus area/total callus area [TOTAr/
CAr (%)], cartilaginous callus area/total callus area
[CgAr/CAr (%)] and fibrous tissue callus area/total
callus area [FTAr/CAr (%)].

Western blot analysis

Protein expression within the callus tissue was
determined by Western blot analysis, including the
expression of morphogenetic protein-2 (BMP-2) and

-4 (BMP-4), cysteine-rich protein (CYR) 61, vascular
endothelial growth factor (VEGF), osteoprotegerin
(OPG) and receptor activator of NF-kB ligand
(RANKL). The callus tissue was frozen and stored
at — 80 °C until required. Analyses of callus tissue
were performed 2 weeks after fracture healing
(n = 4 each group). After saving the whole-protein
fraction, the blotting procedure and protein detection
was performed using the following antibodies: goat
anti-mouse BMP-2/BMP-4 (1 : 100, R&D Systems,
AF355), sheep anti-mouse CYR61 (1 : 100, R&D
Systems, AF4055), rabbit anti-mouse VEGF (1 : 300,
Abcam, ab3109), rabbit anti-mouse OPG (1 : 300,
Bioss by Biozol, Eching, Germany, BS0431R) and
rabbit anti-mouse RANKL (1 : 300, Abcam, ab625616).
Primary antibodies were followed by corresponding
horseradish peroxidase-conjugated secondary
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Fig. 1. Surgical procedure. (a) [llustration of the intramedullary MouseScrew with (1) a distal thread
and (2) a cone-shaped head with (3) torque-dependent break point, which can be connected to a screw-
holder. (b) A medial parapatellar incision was performed at the right knee and the patella (arrow) was
dislocated laterally. (c) After drilling a hole (diameter of 0.5 mm) into the intercondylar notch, an injection
needle with a diameter of 0.4 mm was implanted through the intramedullary canal. (d) Subsequently, a
tungsten guidewire (diameter of 0.2 mm) was inserted through the intramedullary canal and the femur
was fractured by a 3-point bending device. (e) The MouseScrew was implanted over the guidewire to
stabilise the fracture. (f) After fixation of the fracture, the wound was closed using 6-0 synthetic sutures.
(g) Fracture reduction and implant position were confirmed by radiography. Scale bars: 2 mm.
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antibodies (1.5 h, 1 : 1,000, R&D Systems, HAF(008).
Protein expression was visualised by means of
luminol-enhanced chemiluminescence after exposure
of the membrane to the Intas ECL Chemocam Imager
(Intas Science Imaging Instrument GmbH, Gottingen,
Germany) and normalised to 3-actin signals (1 : 5,000,
mouse anti-mouse 3-actin, Sigma-Aldrich, A5441) to
correct for unequal loading.

Statistical analysis

Data were tested for normal distribution and equal
variance. Then, differences between the groups were
assessed by one-way analysis of variance (one-way
ANOVA). This was followed by Student-Newman-
Keuls post-hoc test, including the correction of the
alpha-error to compensate for multiple comparisons
(SigmaPlot 13.0; Jandel Corporation, San Rafael,
CA, USA). All values are expressed as mean + SEM.
Statistical significance was accepted for p < 0.05.

Results

Radiological analysis

2 and 5 weeks after fracture healing, radiological
analysis revealed a higher Goldberg score in
amlodipine low-dose-treated and high-dose-treated
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animals when compared to vehicle-treated controls
(Fig. 2a-h). However, this difference was not
statistically significant (p > 0.05).

Biomechanical analysis

Biomechanical analysis of the femora 2 and 5 weeks
after fracture showed a slight but not significant
increase in bending stiffness in amlodipine low-
dose-treated and high-dose-treated animals when
compared to vehicle-treated controls (Fig. 3a-d).
Of note, comparison of the bending stiffness
of the contralateral femora did not show any
significant differences between vehicle-, amlodipine
low-dose- and amlodipine high-dose-treated
animals 2 (119.1 £ 18.2 N/mm vs. 111.4 + 10.2 N/
mm vs. 142.5 =+ 13.2 N/mm, respectively) and 5
weeks (125.6 + 10.3 N/mm vs. 136.8 + 6.6 N/mm
vs. 140.5 = 6.7 N/mm, respectively) after fracture.
Therefore, it is possible to conclude that 5 weeks
amlodipine low-dose and high-dose treatment did
not affect the quality of non-fractured bone.

Histological analysis

The histological analysis revealed in all three study
groups a typical callus formation of secondary
fracture healing, including intramembranous and
endochondral ossification (Fig. 4a-f). 2 weeks after
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Fig. 2. Radiographic analysis. Radiographs of the femora of (a,b) vehicle-treated controls, (c,d) amlodipine
low-dose-treated animals and (e,f) amlodipine high-dose-treated animals (a,c,e) 2 and (b,d,f) 5 weeks after
fracture healing. Scale bar: 2 mm. Goldberg score of vehicle-treated controls (white bars, n =8), amlodipine
low-dose-treated animals (grey bars, n = 8) and amlodipine high-dose-treated animals (black bars, 1 = 8)
(g) 2 weeks and (h) 5 weeks after fracture healing. Mean + SEM.
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fracture, the amount of bone tissue within the callus
was significantly larger in amlodipine low-dose- and
high-dose-treated animals when compared to vehicle-
treated controls (Fig. 4g). Vice versa, the amount of
cartilaginous tissue was significantly smaller when
compared to vehicle-treated controls (Fig. 4i). The
analysis of the amount of fibrous tissue showed
no significant differences between the three study
groups (Fig. 4k). 5 weeks after fracture healing, the
amount of bone tissue within the callus was still
significantly enhanced in amlodipine low-dose-
and high-dose-treated animals when compared to
controls (Fig. 4h). In vehicle-treated controls there
was only a small, remnant amount of cartilaginous
tissue detectable, while in amlodipine low-dose- and
high-dose-treated animals there was a complete lack
of cartilaginous tissue within the callus (Fig. 4j). Of
interest, 5 weeks after fracture, fibrous tissue was
still ~ 15 % in vehicle-treated controls, whereas it was
almost zero in amlodipine low-dose- and high-dose-
treated animals (Fig. 41).

Western blot analysis

After 2 weeks of fracture healing, the Western blot
analysis of the callus tissue revealed that amlodipine
low-dose- and high-dose-treatment significantly
increased the expression of BMP-2, when compared
to vehicle-treated controls (Fig. 5a,b). In addition,
amlodipine treatment also increased the callus
expression of BMP-4. However, the difference
compared to controls was not statistically significant
(Fig. 5a,c).
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The Western blot analyses of the osteogenic
and angiogenic growth factors CYR61 and VEGF
showed a slightly higher expression of CYR61
and a significantly higher expression of VEGF
in amlodipine high-dose-treated animals when
compared to amlodipine low-dose- and vehicle-
treated animals (Fig. 5d-f).

Of interest, the expression of OPG, an inhibitor
of osteoclastogenesis, was almost 2-fold higher in
amlodipine low-dose-treated animals (12.7 +2.2) and
over 4-fold higher in amlodipine high-dose-treated
animals (32.6 + 5.5) when compared to vehicle-
treated controls (7.4 +2.3) (Fig. 6a,b). The expression
of RANKIL, a stimulator of osteoclastogenesis, was
even 4-fold higher in amlodipine low-dose-treated
animals (3.1 £ 0.8) and ~ 8-fold higher in amlodipine
high-dose-treated animals (5.7 + 1.1) when compared
to vehicle-treated controls (0.7 + 0.1) (Fig. 6a,c).
This resulted in a lower OPG/RANKL-ratio in both
amlodipine treatment groups when compared to
controls (Fig. 6d).

Discussion

The present study analysed the effect of amlodipine
treatment on fracture healing. The data of the study
demonstrated, for the first time, that amlodipine
accelerated bone healing by inducing bone
neoformation within the callus tissue. The accelerated
bone healing in amlodipine-treated animals was
associated with a slight increase in bending stiffness,
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Fig. 3. Biomechanical analysis. Biomechanical analysis of mouse femora (a,c) 2 weeks and (b,d) 5 weeks
after fracture healing in vehicle-treated controls (white bars, n = 8), amlodipine low-dose-treated animals
(grey bars, n = 8) and amlodipine high-dose-treated animals (black bars, n = 8). Data are given in (a,b)
absolute values and (c,d) percentage of the non-fractured contralateral femora. Mean + SEM.
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Fig. 4. Histological analysis. Representative histological sections (Masson-Goldner staining) (a,c,e) 2
weeks and (b,d,f) 5 weeks after fracture healing in (a,b) vehicle-treated controls, (c,d) amlodipine low-
dose-treated animals and (e,f) amlodipine high-dose-treated animals. Histomorphometric analysis of the
tissue distribution within the callus, including (g, h) total osseous tissue callus area/total callus area (TOTAr/
CAr, %), (i,j) cartilaginous callus area/total callus area (CgAr/CAr, %) and (k1) fibrous tissue callus area/
total callus area (FTAr/CAr, %) (g ik) 2 weeks and (h,j,1) 5 weeks after fracture healing in vehicle-treated
controls (white bars, n = 8), amlodipine low-dose-treated animals (grey bars, n = 8) and amlodipine high-
dose-treated animals (black bars, n = 8). Mean + SEM; * p < 0.05 vs. control (Ctrl).
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an enhanced expression of the osteogenic factors
BMP-2 and BMP-4 as well as an elevated expression
of the angiogenic factor VEGF. Of note, no significant
differences were found in callus composition between
amlodipine low-dose- and amlodipine high-dose-
treated animals. This indicated that the low dose
of amlodipine (1 mg/kg BW) used in the present
study was sufficient to accelerate the process of
bone healing. In addition, amlodipine treatment, in
particular the high-dose treatment, also accelerated
bone turnover, as indicated by increased levels of
OPG and RANKL within the callus tissue. These data

supported the view that amlodipine also accelerated
callus remodelling.

CCBs are widely used drugs for the treatment of
hypertension as well as vasospasm and chronic stable
angina pectoris. Clinical trials confirmed that they
can prevent cardiovascular events by lowering the
blood pressure (Civantos et al., 2004). Amlodipine, a
dihydropyridine-type CCB, acts by inhibiting calcium
entry through voltage-gated transmembrane L-type
channels. This leads to a decrease in the intracellular
calcium concentration and a subsequent relaxation of
smooth muscle cells in the coronary and peripheral
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Fig. 5. Western blot analysis (1). Western blot analysis of (a,b) BMP-2, (a,c) BMP-4, (d,e) CYR61 and (d,f)
VEGEF expression in the callus tissue of vehicle-treated controls (white bars, n = 4), amlodipine low-dose-
treated animals (grey bars, n =4) and amlodipine high-dose-treated animals (black bars, 1 =4) 2 weeks after
fracture healing. Mean + SEM; * p < 0.05 vs. control (Ctrl); *p < 0.05 vs. amlodipine low.
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vessels (Devabhaktuni et al., 2009). Of note, several
studies have reported an effect of amlodipine on
bone metabolism. Halici et al. (2008) demonstrated
that amlodipine protects against ovariectomy-
induced bone loss. Furthermore, Karakus et al. (2016)
showed in an experimental ovariectomised and
inflammation-induced osteoporosis rat model that
amlodipine does not only prevent the ovariectomy-
and inflammation-induced loss of the osteogenic
factors runt-related transcription factor 2 (Runx2) and
type I collagen 1al (Collal) but even induces a 3- to
4-fold elevation of Runx2 and Collal expression when
compared to non-osteoporotic controls. Accordingly,
the authors proposed that amlodipine may be used
as a therapeutic agent for osteoporosis treatment in
hypertensive patients (Karakus et al., 2016).

The increased bone tissue formation and
accelerated fracture healing observed in the present
study after amlodipine treatment may be caused by
the enhanced expression of BMP-2 and BMP-4. During
bone formation, BMPs are secreted by osteoblasts
within the extracellular matrix (McBride et al., 2014).
Interestingly, Nishiya et al. (2001) demonstrated
that dihydropyridine-type CCBs by blocking L-type
calcium channels increase osteoblast differentiation,
alkaline phosphatase activity and mineralisation
in vitro. Therefore, it is possible that the enhanced
expression of BMPs is mediated by an amlodipine-
induced stimulation of osteoblast differentiation and
activity. As a member of the transforming growth
factor-g superfamily, BMP-2 induces bone formation

in vivo by promoting differentiation of mesenchymal
stem cells and osteoprogenitor cells into osteoblasts
(Cheng et al., 2003; Mi et al., 2013). Several studies
have demonstrated that the application of BMP-
2 also accelerates and improves bone healing in
experimental murine animal models (Orth et al.,
2017; Schmidmaier et al., 2002). Further analysis
of the molecular pathways of BMP-2 revealed that
it acts through various autocrine and paracrine
mechanisms, such as the secretion of basic fibroblast
growth factor (Rivera et al., 2013).

BMP-4, on the other hand, mainly increases the
secretion of VEGF (Rivera et al., 2013). Accordingly,
an enhanced expression of VEGF was found in
amlodipine-treated animals. VEGF is a key regulator
of physiological angiogenesis during embryogenesis
and skeletal growth and is also associated with
pathological angiogenesis in tumours (Carmeliet et
al., 2000). More importantly, VEGF plays a crucial
role in bone healing, because the vascularisation is
necessary for a successful healing process, providing
an adequate nutrient supply and the infiltration
of vital progenitor cells for callus remodelling
(Carano et al., 2003). The importance of a sufficient
vascularisation is supported by experimental studies
demonstrating that an inhibition of VEGF signalling
leads to an impaired bone healing and non-union
formation (Hausman et al., 2001). Moreover, treatment
with VEGF significantly improves bone healing in
animal models (Li ef al., 2009). Hence, the elevated
secretion of VEGF, observed in amlodipine-treated
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Fig. 6. Western blot analysis (2). Western blot analysis of (a,b) OPG and (a,c) RANKL expression in the
callus tissue of vehicle-treated controls (white bars, nn =4), amlodipine low-dose-treated animals (grey bars,
n=4) and amlodipine high-dose-treated animals (black bars, 1 =4) 2 weeks after fracture healing. (d) OPG/
RANKL-ratio in vehicle-treated controls (white bars, n = 4), amlodipine low-dose-treated animals (grey
bars, n = 4) and amlodipine high-dose-treated animals (black bars, n = 4) 2 weeks after fracture healing.
Means + SEM; * p < 0.05 vs. Ctrl; * p < 0.05 vs. amlodipine low.
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animals, may have contributed to the accelerated
fracture healing.

CYRG61 plays an important role in the process
of bone healing by the stimulation of osteoblast
differentiation and proliferation (Si et al., 2006). The
protein acts as an extracellular signalling molecule in
human bone, regulated by 1a, 25-dihydroxyvitamin
D3 (Lechner et al., 2000). Frey et al. (2012) demonstrated
in a rabbit trauma model that the local application
of CYR61 improves callus regeneration, as indicated
by an increased bone formation and torsional
strength. In line with this, selective inhibition of
phosphodiesterase-3 (PDE-3) and PDE-5 accelerates
fracture healing through a CYR61-associated
pathway (Herath et al., 2015; Histing et al., 2011). In
the present study, however, CYR61 was not increased
in amlodipine low-dose-treated animals and only
slightly increased in amlodipine high-dose-treated
animals. Because there was also no difference in bone
formation between the animals of the two amlodipine
treatment groups, it is reasonable to think that CYR61
did not play a major role in the amlodipine-induced
acceleration of fracture healing.

RANKL is a potent activator of bone resorption by
binding RANK on the osteoclast cell membrane. On
the other hand, OPG is a soluble decoy receptor for
RANKL that interferes with RANKL-RANK binding,
leading to an inhibition of osteoclastogenesis (Lacey
et al., 1998; Simonet et al., 1997). Cartilage resorption
during fracture healing is associated with a peak
in RANKL and OPG expression (Gerstenfeld et al.,
2009). Furthermore, inhibition of RANKL through
treatment with melatonin and pantoprazole delays
the process of bone remodelling and leads to an
impaired fracture healing in mice (Histing et al.,
2012a; 2012b). This emphasises that successful bone
healing requires osteoclast-mediated cartilage and
bone resorption. In the present study, amlodipine
treatment induced an increase in OPG expression
and an even more pronounced increase in RANKL
expression, resulting in a reduced OPG/RANKL-
ratio in amlodipine low-dose- and high-dose-
treated animals. Hence, amlodipine treatment may
stimulate the RANKL-mediated cartilage and bone
resorption by osteoclasts, resulting in an increase
in bone turnover. This explains the significantly
smaller amounts of cartilaginous and fibrous tissue
in amlodipine-treated animals that were observed in
the histomorphometric analysis.

Interestingly, these findings contradict previous
studies investigating the effect amlodipine on bone
metabolism and osteoporosis (Karakus et al., 2016;
Ushijima et al., 2010). Ushijima et al. (2010) postulated
that amlodipine prevents a reduction in bone mineral
density in stroke-prone spontaneously hypertensive
rats through an inhibition of osteoclast activity. The
authors assumed that the reduction in osteoclast
function was caused by the binding of amlodipine
to osteoclast calcium channels, resulting in an
increased intracellular calcium concentration (Ritchie
et al., 1994). However, it should be considered that
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the process of callus remodelling during fracture
healing is a carefully organised process between
the formation of new bone tissue by osteoblasts and
the resorption of cartilage and bone by osteoclasts
(Teitelbaum et al., 2007). Moreover, it is widely
accepted that osteoblasts express RANKL and, thus,
stimulate osteoclastogenesis themselves (Chen et al.,
2018). Therefore, it is the authors” opinion that the
acceleration in fracture healing in amlodipine-treated
animals was caused in part through an activation of
osteoclasts, which was mediated by an amlodipine-
induced osteoblast differentiation.

Some studies reported a negative effect of
amlodipine on dental alveolar repair and healing of
mandibular bone defects (Moraes et al., 2011; Teofilo
et al., 2001). A possible explanation for these results
contradicting the present study may be the fact
that facial bones heal with more intramembranous
ossification and less endochondral bone formation,
whereas long tubular bones, such as the femur,
heal mainly by endochondral ossification (Yu et al.,
2012). The beneficial effects of amlodipine on fracture
healing, as observed in the present study, were
mainly due to an increased cartilage resorption and
bone turnover. During intramembranous healing of
facial bones, however, amlodipine may have different
and even adverse effects on regeneration as observed
by Moraes et al. (2011) and Teofilo et al. (2001).

Taken together, the results indicated that
amlodipine treatment accelerated fracture healing
and callus remodelling through upregulation of
BMP-2 and VEGF as well as through an increased
OPG/RANKL-mediated bone turnover.
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Discussion with Reviewer

Reviewer: Do you think there could be a clinical role
for amlodipine to accelerate fracture healing? If so,
how would you undertake the clinical translation?
Authors: The results of the present study indicated
that amlodipine had positive effects on the healing of
long tubular bones, in contrast to its negative effects
on alveolar and mandibular bone healing as reported
in previous preclinical studies (Tedfilo et al., 2001;
Moraes et al., 2011). As a result, amlodipine does
not have to be discontinued after fractures of long
tubular bones. Moreover, we believe that a clinical
trial would be appropriate given the promising
results found in the present study. A retrospective
analysis could be performed comparing the outcome
of similar fracture types in patients with hypertension
and treatment with CCBs and other hypertensive
medications. If these results would show positive
effects, a second prospective clinical trial could be
performed in patients with hypertension and long
tubular bone fractures, evaluating CCBs as potential
pro-osteogenic substance.
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