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Cilnidipine, but not amlodipine, ameliorates
osteoporosis in ovariectomized hypertensive rats
through inhibition of the N-type calcium channel

Hideo Shimizu!, Hironori Nakagamiz, Natsuki Yasumasa2, Osako Kiomy Mariana?, Mariko Kyutoku3,
Hiroshi Koriyama?®, Futoshi Nakagami®, Munehisa Shimamura?, Hiromi Rakugi! and Ryuichi Morishita?

Both osteoporosis and high blood pressure are major diseases in aging populations. Recent studies demonstrated that some

antihypertensive drugs reduced the risk of bone fracture in elderly patients. Although calcium channel blockers (CCB) are widely
used as first-line antihypertensive agents, there is no evidence that they prevent osteoporosis. In this study, we investigated the
effects of two types of CCB on bone metabolism: cilnidipine (L-/N-type CCB), which suppresses norepinephrine release from the
sympathetic nerve, and amlodipine (L-type CCB). In ovariectomized female spontaneous hypertensive rats, administration of
cilnidipine, but not amlodipine, resulted in a significant increase in the ratio of alkaline phosphatase to tartrate-resistant acid
phosphatase (TRAP) and a decrease in the number of osteoclasts, as assessed by TRAP staining in the proximal tibia. Bone
mineral density, moreover, was significantly higher in the cilnidipine group as compared with the amlodipine group and was
associated with a significant decrease in a urinary collagen degradation product (deoxypyridinoline). The degree of prevention

of osteoporosis by cilnidipine was similar to that of carvedilol (a p-blocker) because p-blockers reduce fracture risks though the
inhibition of osteoclast activation. Interestingly, these effects cannot be attributed to the reduction of blood pressure because all
three drugs significantly decreased blood pressure. In contrast, both cilnidipine and carvedilol, but not amlodipine, significantly

decreased heart rate, indicating that both cilnidipine and carvedilol suppressed sympathetic nervous activity. Overall, our
present data showed that cilnidipine (L-/N-type CCB) ameliorated osteoporosis in ovariectomized hypertensive rats. These
pleiotropic effects of antihypertensive drugs such as cilnidipine and carvedilol might provide additional benefits in the treatment

of hypertensive postmenopausal women.
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INTRODUCTION
Hypertension and osteoporosis may share the same genetic and
environmental background. Several clinical studies demonstrated
that high blood pressure might be a risk factor for bone fractures,
probably owing to the secondary activation of the parathyroid
gland through an increase in urinary calcium excretion.!”
Several antihypertensive drugs, including thiazides, B-blockers and
angiotensin-converting enzyme inhibitors, decreased the risk of bone
fractures and increased bone mineral density (BMD) clinically.5"1
However, meta-analysis of observational studies on the effects of
antihypertensive drugs on fracture outcomes demonstrated no sig-
nificant association between fractures and calcium channel blockers
(CCBs).11-13

CCBs are divided into several subtypes, and non-dihydropyridine-
type CCBs, but not dihydropyridine-type CCBs, are reported to

reduce the risk of bone fractures through the inhibition of hyperpar-
athyroidism-induced calcium uptake into osteoblasts and an elevation
of intracellular calcium in osteoclasts.!*!> Cilnidipine, a new type of
CCB that blocks the N-type calcium channel and the L-type
calcium channel, is therefore thought to affect bone metabolism,
possibly through the inhibition of both the sympathetic nervous
system and the voltage-dependent calcium channel.'®!® B-blockers
are known to affect the relationship between the sympathetic
nervous system and bone metabolism, leading to increased
BMD.202! Thus, in this study, we investigated the effects of cilnidipine
on bone metabolism in comparison with those of amlodipine, an
L-type dihydropyridine CCB, and carvedilol, a B-blocker that is
known to reduce fracture risk though the inhibition of osteoclast
activation via [2-adrenergic receptors, in an ovariectomy-induced rat
osteoporosis model.
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METHODS

Anti-hypertensive drugs

Cilnidipine was kindly provided by the Mochida Pharmaceutical (Tokyo,
Japan), carvedilol was kindly provided by the Daiichi Sankyo (Tokyo, Japan)
and amlodipine was purchased from Sigma (St Louis, MO, USA).

Rat ovariectomy osteoporosis model

All experiments were approved by the Ethical Committee for animal experi-
ments at Osaka University Graduate School of Medicine. Female adult
spontaneous hypertensive rats (SHR) (10 weeks old) were purchased from
SLC Japan (Shizuoka, Japan). After the rats were anesthetized with intraper-
itoneal ketamine (80 mgkg~!) and xylazine (10 mgkg™!), a bilateral ovariect-
omy (OVX) or a sham operation was performed. Cilnidipine, amlodipine or
carvedilol was administered with drinking water (3 mgkg™! per day). The body
weight of these rats was recorded for 4 weeks. At 4 weeks after the operation,
systolic blood pressure was measured using the tail-cuff method (BP-98A,
Softron, Koenji, Tokyo, Japan), and urinary deoxypyridinoline was measured by
EIA (Metra Biosystems, Mountain View, CA, USA). The rats were then
anesthetized and killed to collect the femurs, tibias and blood for biochemical
analysis.

Alkaline phosphatase and tartrate-resistant acid phosphatase
activity

Alkaline phosphatase (ALP) activity was measured to evaluate osteoblast
activity, whereas tartrate-resistant acid phosphatase (TRAP) activity was
measured to evaluate osteoclast activity, as previously described.?? The prox-
imal tibias and distal femurs were excised and homogenized in a 10 mmol1~!
triethanolamine buffer (pH 7.5) for TRAP and in a diethanolamine buffer (pH
9.8) for ALP. Supernatants were used to measure TRAP activity.?> For ALP
activity, the supernatants were incubated using p-nitrophenylphosphate as a
substrate for 30 min at 25°C, and absorbance was measured at 405nm and
converted into units (U: 1 U indicates the release of 1 mmoll~! p-nitrophenol
per min). The urinary deoxypyridinoline level was measured by EIA on day 28
of the experiment. Serum calcium, phosphate, ALP, TRAP and urinary calcium
were measured on day 28.

Urinary calcium and deoxypyridinoline

Calcium was measured by the o-cresolphthalein complexone method using
a commercial kit (Wako Diagnostic, Osaka, Japan). The concentration of the
deoxypyridinoline in urine was determined by EIA using a Pyrilinks D assay kit
(Metra Biosystems). The data were adjusted by creatinine.

Quantification of TRAP-positive stained area in proximal tibia
Proximal tibias separated from surrounding soft tissue were fixed in a 4%
phosphate-buffered paraformaldehyde followed by decalcification with EDTA.
Following graded ethanol dehydration, samples were embedded in paraffin, and
4-6 um paraffin sections were prepared. To identify mature osteoclasts in the
proximal tibia, TRAP staining was performed using a commercial staining kit
(Primary Cell, Ishikari, Japan). Quantification of the TRAP-stained area per
0.3x0.3 mm? under the growth plate of the proximal tibia was performed using
NIH Image].

Dual-energy X-ray absorptiometry

Bone density was measured by dual-energy X-ray absorptiometry bone
densitometry (GE-Lunar DPX-IQ, GE Healthcare, Madison, WI, USA). High-
and low-beam energy for all scans was 80 and 35KV, respectively, at 0.5 mA, as

previously described.'® BMD was obtained in gcm™2.

Statistical analysis

Statistical analysis was performed using Stat-View 5.0. software (SAS Institute,
Cary, NC, USA). All results were expressed as mean+s.e.m. Data were
compared using the analysis of variance followed by Dunnett’s test for pair-
wise comparisons. Values of P<0.05 were considered to be statistically
significant.
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RESULTS

Cilnidipine and carvedilol ameliorated OVX-induced osteoporosis
To elucidate the effects of antihypertensive drugs on bone metabolism,
we employed an OVX model of estrogen deficiency in SHR.2? At 28
days after bilateral OVX, both ALP and TRAP activity were increased
in the tibia of ovariectomized SHR as compared with those of the
sham-operated SHR (Figures la and b). As TRAP activity was
significantly increased more than ALP activity, the ratio of ALP to
TRAP was markedly decreased in the tibia of ovariectomized SHR as
compared with sham-operated rats (Figure 1c). In this model, the
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Figure 1 Effects of amlodipine, cilnidipine or carvedilol on alkaline

phosphatase (ALP) and tartrate-resistant acid phosphatase (TRAP) activity in
ovariectomized spontaneous hypertensive. (a) ALP activity (U per bone),
(b) TRAP activity (U per bone), (c) ratio of ALP to TRAP activity. Sham,
sham operation; OVX, bilateral ovariectomy; amlodipine: OVX+amlodipine
(3mgkg=! per day), cilnidipine: OVX+cilnidipine (3mgkg=! per day),
carvedilol: OVX+carvedilol (3mgkg=! per day). "P<0.05 vs. sham,
*P<0.05 vs. OVX, N=6-10 per group.



OVX-induced decrease in the ratio of ALP to TRAP activity was
significantly ameliorated by cilnidipine, but not amlodipine
(Figure 1lc). Indeed, the TRAP-positive stained area was increased in
the tibia of ovariectomized SHR, whereas treatment with cilnidipine,
but not amlodipine, significantly decreased the TRAP-positive stained
area (Figures 2a and b).

Importantly, these beneficial effects of cilnidipine were accompa-
nied by a significant increase in BMD in ovariectomized SHR (as
assessed by dual-energy X-ray absorptiometry), whereas amlodipine
did not increase BMD (Figure 3a). Consistently, the increase in
urinary deoxypyridinoline, a collagen degradation product that
reflects bone loss, was significantly attenuated by cilnidipine, but
not by amlodipine (Figure 3b). Similarly, although urinary calcium
and serum phosphate were increased in ovariectomized SHR, treat-
ment with cilnidipine, but not amlodipine, attenuated the ovariect-
omy-induced increase in urinary calcium and serum phosphate, as
shown in Table 1. In contrast, serum calcium was not changed in
either group (Table 1). Prevention of osteoporosis by cilidipine was
similar to that of carvedilol (Figures 1-3).
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It is noteworthy that the prevention of osteoporosis was indepen-
dent of the blood pressure-lowering effects of cilnidipine whereas the
administration of cilnidipine, carvedilol and amlodipine each signifi-
cantly decreased blood pressure to the same degree compared with the
sham group, only cilnidipine and carveilol had beneficial effects on
bone metabolism, as shown in Table 2. There was no difference in
body weight among all groups. Interestingly, cilnidipine and carvedilol
treatment significantly reduced heart rates whereas amlodipine did
not. These results indicate a suppression of adrenergic stimulation of
the sympathetic nervous system by cilnidipine and carvedilol
(Table 2).

DISCUSSION

Given the increasing number of the elderly, treatments that can
prevent aging-related diseases are crucial. Our group has focused on
the relationship between hypertension and osteoporosis, which are
two common diseases in the elderly population caused by the
interaction of genetic and environmental factors. Currently, 50% of
the hypertensive population comprises postmenopausal women, who
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Figure 2 Tartrate-resistant acid phosphatase (TRAP) staining of proximal tibia at 28 days in spontaneous hypertensive rats. (a) Representative pictures of
TRAP staining in proximal tibia. Bar indicates 0.3 mm. (b) Quantification of TRAP-positive stained area under growth plate of proximal tibia per field
(0.3x0.3mm?2). Sham=sham operation; OVX=bilateral ovariectomy; OVX+amlodipine: amlodipine treatment (3 mgkg~! per day) with bilateral ovariectomy,
OVX+cilnidipine: cilnidipine treatment (3mgkg=! per day) with bilateral ovariectomy, OVX+carvedilol: carvedilol treatment (3 mgkg~! per day) with bilateral
ovariectomy. TP<0.05 vs. sham, *P<0.05 vs. OVX, N=6-10 per group.
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Figure 3 Effects of amlodipine, cilnidipine and carvedilol on bone mineral
density (BMD) and urinary deoxypyridinoline secretion in ovariectomized
spontaneous hypertensive rats. (a) BMD by dual energy X-ray absorptiometry,
(b) urinary deoxypyridinoline after 28 days. Sham=sham operation;
OVX=bilateral ovariectomy; +amlodipine: amlodipine treatment (3 mgkg~!
per day) with bilateral ovariectomy, +cilnidipine: cilnidipine treatment
(3mgkg™! per day) with bilateral ovariectomy, +carvedilol: carvedilol
treatment (3mgkg~! per day) with bilateral ovariectomy. TP<0.05 vs.
sham, *P<0.05 vs. OVX, N=6-10 per group.

Table 1 Serum and urinary bone-related markers

Serum Ca Serum P Urinary Ca
Sham 9.8+0.1 6.8+0.1 1.0+0.1
OVX 9.8+0.1 7.4+0.77 1.3£0.17
+Amlodipine 9.8+0.1 7.2+04 1.3+0.17
+Cilnidipine 9.9+0.1 6.6+0.3* 1.1+0.1%
+Carvedilol 9.8+0.1 6.7+0.4* 1.2+0.1

Abbreviation: OVX: bilateral ovariectomy.
*P<0.05 vs. OVX, "P<0.05 vs. sham, N=6-10 per group.

are at high risk of osteoporosis."?* Animal and epidemiological
evidence suggests that high blood pressure is associated with abnorm-
alities in calcium metabolism, leading to an increase in calcium loss,
secondary activation of the parathyroid gland and increased move-
ment of calcium from the bone, thereby increasing the risk of
osteoporosis.”>?® There is clinical evidence that several classes of
antihypertensive drugs decrease the risk of bone fractures and increase
BMD, whereas other antihypertensive drugs do not. Thus, it is
important to ascertain which antihypertensive drug might prevent
osteoporosis. In this study, we demonstrated that cilnidipine (L-/N-
type CCB) and carvedilol ameliorate osteoporosis in ovariectomized
hypertensive rats through the inhibition of osteoclast activation.
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Table 2 Blood pressure, heart rate and body weight of each group

SBP DBP HR BW
Sham 174+£9 125+6 440+19 1971
ovX 167+3 11942 413+15 228+ 2F
+Amlodipine 144+ 4* 111+3 39115 231+1F
+Cilnidipine 149+ 3* 115+2 364+11* 233+ 2f
+Carvedilol 154+ 7* 118+4 337+14* 229+ 2F

Abbreviations: BW, body weight (g); +amlodipine, OVX+amlodipine (3 mgkg~! per day);
+carvedilol, OVX+carvedilol (3mgkg ! per day); +cilnidipine, OVX+cilnidipine (3 mgkg 1 per
day); DBP, diastolic blood pressure (mm Hg); HR, heart rate (beats per min); SBP, systolic blood
pressure (mm Hg); OVX, ovariectomy.

*P<0.05 vs. OVX, TP<0.05 vs. sham, N=6-10 per group.

Interestingly, there is little clinical evidence of the prevention of
osteoporosis by CCBs, although angiotensin-converting enzyme inhi-
bitors and angiotensin receptor blockers are known to prevent
osteoporosis. CCBs, however, can be divided into several subtypes.
Cilnidipine, which is reported to protect against cardiovascular?’—2°
and kidney disease,3*>? works in a variety of ways, including blocking
the N-type calcium channel and the L-type calcium channel. Recently,
cilnidipine has also been reported to suppress renin activity and
inhibit the renal renin—angiotensin system. Distinct from amlodipine,
a typical dihydropyridine type of CCB, cilnidipine reduced noradrena-
line content in the renal cortex in salt hypertensive rats.>? Importantly,
in a clinical study comparing cilnidipine and amlodipine in combina-
tion with an angiotensin receptor blocker, cilnidipine demonstrated
superiority in preventing the progression of proteinuria in hyperten-
sive patients.>> These results might be due to the inhibition of the
renin—angiotensin system activation induced by the angiotensin
receptor blocker. Such inhibition is partly explained by cilnidipine’s
sympatholytic action mediated by the N-type calcium channel block-
ade with a reduction in renin secretion by juxtaglomerular cells
through renal sympathetic innervation. Because the inhibition of
renin—-angiotensin system with angiotensin receptor blockers and
angiotensin-converting enzyme inhibitors in experimental models
prevented osteoporosis in ovariectomy-induced bone loss,?>*4%
both the inhibition of renin—angiotensin system and the adrenergic
stimulation by cilnidipine might have cumulative benefits on bone
metabolism.

The relationship between sympathetic nerve activation and bone
metabolism has been recently highlighted.?%%37 Bone and its perios-
teum receive a rich supply of sensory and sympathetic nerves,®
suggesting the neuroendocrine regulation of bone remodeling. Both
osteoblasts and osteoclasts possess ol and o2 and/or Pf2-adrenergic
receptors, and adrenergic stimulation from sympathetic nerves
enhanced bone resorption.>** One of the neuroendocrine hormones
acting between the sympathetic nervous system and osteoporosis is
leptin. Leptin may act on a population of neurons located in the
ventromedial hypothalamus, which in turn stimulate the activity of
intraosseous sympathetic nerve fibers. These fibers release norepi-
nephrine, which binds to adrenergic receptors expressed on osteo-
blasts, thereby inhibiting their bone-forming activity. Indeed, a mouse
model of leptin deficiency (ob/ob) and mutation of the leptin receptor
(db/db) show increased bone mass, more specifically, increased
trabecular bone volume. Because the sympathetic nervous system is
also activated in hypertension, insulin resistance and metabolic
syndrome (all of which may be associated with bone metabolism),
the use of B-blockers to treat hypertensive patients with osteoporosis
has been highlighted. Indeed, our study demonstrated that carvedilol
also ameliorates osteoporosis in ovariectomized hypertensive rats.



Overall, our present data showed that cilnidipine, a new type of
CCB that blocks the N-type calcium channel and the L-type calcium
channel, ameliorated osteoporosis in ovariectomized hypertensive rats.
These pleiotropic effects of antihypertensive drugs such as cilnidipine
and carvedilol might benefit hypertensive postmenopausal women, as
osteoporosis is the main cause of bone fractures in postmenopausal
women as well as the elderly. Further studies to find new therapeutic
uses for antihypertensive drugs beyond their blood pressure-lowering
effects are necessary for the treatment of elderly hypertensive patients,
especially women.
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