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The effects of several antihypertensive drugs on bone mineral density (BMD) and micro-
architectural changes in ovariectomized (OVX) mice were investigated. Eight-week-old
female C57/BL6 mice were used for this study. Three days after ovariectomy, mice were
treated intraperitoneally with nifedipine (15 mg/kg), telmisartan (5 mg/kg), enalapril (20
mg/kg), propranolol (1 mg/kg) or hydrochlorothiazide (12.5 mg/kg) for 35 consecutive days.
Uterine atrophy of all mice was confirmed to evaluate estrogen deficiency state. BVID and
micro-architectural analyses were performed on tibial proximal ends by micro-computed
tomography (micro-CT). When OVX mice with uterine atrophy were compared with mice
without atrophy, BMD decreased (P < 0.001). There were significant differences in BMD
loss between different antihypertensive drugs (P = 0.005). Enalapril and propranolol
increased BMD loss in mice with atrophied uteri compared with control mice. By contrast,
thiazide increased BMD in mice with uterine atrophy compared with vehicle-treated mice
(P =0.048). Thiazide (P = 0.032) and telmisartan (P = 0.051) reduced bone loss and bone
fraction in mice with uterine atrophy compared with the control. Thiazide affects BMID in
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INTRODUCTION

Osteoporosis is characterized by an increase in bone fragility,
resulting in fractures caused by minor trauma or even of a
spontaneous nature. The disease is classified clinically as either
primary or secondary osteoporosis. Primary osteoporosis is
bone loss that occurs in postmenopausal women during nor-
mal aging. Postmenopausal osteoporosis, the most common
form of the disease, commences when estrogen production de-
creases (1). Approximately forty percent of women over 50
years of age will suffer a fracture related to postmenopausal os-
teoporosis during their lifetime (2).

The prevalence of hypertension also increases markedly with
aging, suggesting that hypertension and osteoporosis coexist.
Because antihypertensive drugs are widely used for the treat-
ment of hypertension, it is important to understand the effects
of these drugs on bone. Antihypertensive drugs impact osteo-
porosis directly and indirectly by affecting bone metabolism,
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OVX mice positively. The reduction in bone loss by thiazide and telmisartan suggest that
these drugs may benefit menopausal women with hypertension and osteoporosis.
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strength and density (3). Meta- and epidemiological analyses of
national databases illustrate an association between antihyper-
tensive drugs and bone function (4-7). A reduced fracture risk
has been reported with thizide diuretics (5, 6), whereas conflict-
ing results have been reported in other antihypertensive drugs
(4-7).

There are few studies on the effects of antihypertensive drugs
on bone function in animal models of postmenopausal osteo-
porosis. Ovariectomized (OVX) mice represent an animal
model that mimics postmenopausal osteoporosis in humans.
We used this model to investigate whether antihypertensive
drugs affect bone density and cause micro-architectural chang-
es that associate with estrogen deficiency.

MATERIALS AND METHODS

Animals and drug treatment
Forty eight 8-week-old female C57/BL6 mice weighing 18-20 g
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were purchased from Orient Bio (Seongnam, Korea). C57/BL6
mice were anesthetized by inhalation of 2% isoflurane. Bilateral
ovariectomy was performed, and mice were sacrificed 5 weeks
after surgery by an overdose of anesthetics. Uterine atrophy
confirmed estrogen deficiency. Three days after ovariectomy,
mice were treated intraperitoneally with different antihyper-
tensive drugs for 35 consecutive days. Mice were randomly di-
vided into 6 groups (n = 8 for each group) as follows: group 1,
control (vehicle-treated); group 2, nifedipine (15 mg/kg body
weight [b.w.]); group 3, telmisartan (5 mg/kg b.w.); group 4,
enalapril (20 mg/kg b.w.); group 5, propranolol (1 mg/kg b.w.);
and group 6, hydrochlorothiazide (12.5 mg/kg b.w.). Mice were
housed in standard cages (4 mice per cage), and maintained at
22°C + 5°C with constant humidity 50% + 10% and a 12 hr light:
12 hr dark cycle. Animals had free access to autoclaved water
and pellet diet. This experiment was conducted in accordance
with institutional guidelines.

Reagents
Nifedipine, enalapril maleate, telmisartan, propranolol and hy-
drochlorothiazide were purchased from Sigma-Aldrich (St.
Louis, MO, USA). All drugs were dissolved in dimethyl sulfoxide
(DMSO).

Bone mineral density and morphometry measurements

Bone mineral density (BMD) and morphometric analyses were
performed on fixed proximal tibias by micro-computed tomog-
raphy (micro-CT) using a SkyScan 1172 (SkyScan, Aartselaar,
Belgium). BMD (mg/cm®) was measured 0.3-0.8 mm distal to
the growth plate of tibial proximal ends and analyzed in 77 con-
tinuous sections. Samples were fixed in 3.7% formaldehyde (w/
v) for approximately 24 hr, and scanned at 141 A/70 kVp for 590
ms through a 0.5 mm-thick filter. Description and nomencla-
tures followed guidelines for the assessment of bone micro-
structure with micro-CT analysis (8). To set the trabecular bone
region range consistently across samples, data from each sam-
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ple were resampled with CTAn software (SkyScan) after recon-
structing scanned images with SkyScan reconstruction pro-
gram NRecon software. Morphometric parameters, including
total volume (TV, pL), bone volume (BV, pL), bone volume frac-
tion (BV/TV, %), trabecular thickness (Tb. Th, pm), trabecular
number (Tb. N/mm) and connectivity density (Conn D/uL)
were measured with CTAn software. Morphometric quantifica-
tion was determined 0.3-0.8 mm distal to the growth plate of
tibial proximal ends.

Statistical analyses

Statistical analyses were performed using SPSS software (ver-
sion 18.0). Data are presented as mean values with standard
deviation (SD). The effects of different antihypertensive drugs
on BMD were analyzed by one-way analysis of variance (ANO-
VA), followed by Dunnett’s test (post hoc analysis). Differences
between two groups were analyzed by the independent t-test or
Mann-Whitney test (two-tailed) as appropriate. Correlations
between parameters are presented as Spearman’s correlation
coefficient (r). Pvalues of < 0.05were considered significant.

RESULTS

To study the effects of antihypertensive drugs on BMD in post-
menopausal women, we used an ovariectomy mouse model of
estrogen deficiency. Five weeks after bilateral ovariectomy,
BMD was measured in tibial proximal ends of OVX mice (Fig.
1A). Except for thiazide, which significantly increased BMD
(P =0.048), there were no significant differences in BMD in
drug-treated OVX mice compared with vehicle-treated OVX
mice (Fig. 1B).

To investigate differences in BMD based on the severity of
estrogen deficiency, OVX mice were divided into two sub-
groups, those with normal uteri and those with atrophied uteri,
since uterine atrophy in OVX mice associates with the degree of
estrogen deficiency (9). When OVX mice with normal uteri
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Fig. 1. The effects of antihypertensive drugs on BMD in QVX mice. (A) Comparison of BMD by multiple comparison. (B) Comparison of BMD in thiazide-treated mice vs control

mice. Data represent means £ SE. Each group consisted of n = 8.
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Fig. 2. Comparison of BMD based on uterine atrophy. (A) BMD in mice with uterine atrophy (n=28) vs mice without uterine atrophy (n=16). (B) Differences in BMD based on
uterine atrophy. BMD difference is the mean BMD of mice with atrophied uteri minus the mean BMD of mice with normal uteri. BMD in mice treated with telmisartan (C) or thia-
zide (D) vs vehicle-treated mice. Data represent medians with inter-quartile, minimum and maximum.
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Fig. 3. The effects of antihypertensive drugs on bone in OVX mice. (A) A micro-CT
three-dimensional image of the trabecular architecture of a tibial proximal end from a
control mouse and thiazide treated mice with normal uterine size or uterine atrophy.
(B) Bone fraction of tibial proximal ends from OVX mice analyzed by micro-CT. (C) Dif-
ferences in bone fraction based on uterine atrophy. Data represent medians with in-
ter-quartile, minimum and maximum. BV, bone volume; TV, total volume.
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Table 1. The relationship between BMD and morphometric parameters obtained by micro-CT

Group TV (ul) BV (uL) BV/TV (%) Tb. N (/mm) Tb. Th (wm)
Total BMD (mg/cm?) -0.227 0.7671 0.9711 0.938t 0.5341
Subgroup*
Normal BMD (mg/cm?) -0.028 0.629* 0.958" 0.951" 0.545
Atrophy BMD (mg/cm?) 0.258 0.793" 0.9201 0.821" 0.503*

*P < 0.05; TP < 0.01 (ANOVA); *Mice were grouped based on uterus size. BMD, bone mineral density; TV, total volume; BV, bone volume; Th. N, trabecular number; Tb. Th, tra-

becular thickness.

were compared with mice with atrophied uteri, BMD decreased
significantly (P < 0.001, Fig. 2A). The mean BMD loss in the at-
rophied uterine group was -21 + 7 mg/cm®.

The effects of antihypertensive drugs on BMD loss induced by
severe estrogen deficiency were assessed by calculating the
BMD difference, which is the mean BMD of mice with atrophied
uteri minus the mean BMD of mice with normal uteri. This dif-
ference reflected bone loss affected by severe estrogen deficien-
cy. BMD loss in each group was as follows: control, -45 + 15 mg/
cm’; nifedipine, -34 + 6 mg/cm’; telmisartan, -32 + 21 mg/cm?;
enalapril, -73 + 7 mg/cm? propranolol, -93 + 25 mg/cm? and
thiazide, -26 + 10 mg/cm®. When BMD was compared across all
groups, there was a significant difference in multiple compari-
son (P = 0.005, Fig. 2B). By post hoc analysis, enalapril and pro-
pranolol increased BMD loss in mice with atrophied uteri com-
pared with control mice. By two group analysis (i.e., vehicle-
treated versus antihypertensive drug-treated), telmisartan af-
fected bone loss moderately (Fig. 2C); however, thiazide signifi-
cantly reduced bone loss by severe estrogen deficiency (P =
0.038, Fig. 2D).

Bone volume (BV) and trabecular thickness decreased in
mice with uterine atrophy by micro-CT; however, BV and tra-
becular thickness increased in thiazide-treated mice with uter-
ine atrophy compared with control mice (Fig. 3A). In OVX mice,
BMD correlated with BV, bone fraction, trabecular number and
trabecular thickness (Table 1). While there was no correlation
between BMB and trabecular thickness in mice with normal
uteri, an association was evident in mice with atrophied uteri
(r=0.503, P =0.012). BMD associated most significantly with
bone fraction (r = 0.971, P < 0.001).

Following multiple comparison of micro-CT parameters, only
BV showed a significant difference between groups (P = 0.044).
No significant differences in bone fraction were observed (P =
0.252, Fig. 3B); however, bone fraction decreased in mice with
atrophied uteri treated with nifedipine, telmisartan and thiazide
(Fig. 3C). Enalapril and propranolol increased bone fraction in
mice with atrophied uteri compared with normal mice (P =
0.006).

DISCUSSION

In the present study, we investigated the effects of antihyperten-
sive drugs on BMD and bone morphometry in an animal model
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of postmenopausal osteoporosis. Our data showed thiazide to
decrease bone loss. When data were analyzed by the severity of
estrogen deficiency, thiazide and telmisartan reduced bone loss
in the severely deficient estrogen group. To our knowledge, this
is the first report to investigate the effects of the most commonly
prescribed antihypertensive drugs on bone function in OVX
mice in a single study, as suggested in the hypertension guide-
line (10). Because osteoporosis can coexist with hypertension,
the choice of antihypertensive drugs could be influenced by
their potential effect on bone and fracture risk, especially in
postmenopausal women.

It is uncertain whether antihypertensive drugs affect bone di-
rectly or indirectly. Epidemiological studies report certain anti-
hypertensive drugs such as thiazide diuretics to lower fracture
risk in postmenopausal women, suggesting that antihyperten-
sive drugs affect bone positively. For other antihypertensive
drugs, the effects on bone are controversial (11). In epidemio-
logical studies, thiazide increases BMD in postmenopausal
women (12-14), and these results are consistent with our find-
ings. Thiazide protects against age-related bone loss and osteo-
porotic fractures (6, 15). Cross-sectional and longitudinal obser-
vational studies show that thiazide diuretics increased BMD (12,
15); however, randomized controlled studies could not confirm
the increase in BMD by thiazide (3, 14, 16). In other studies, thi-
azide significantly reduced all types of fractures (6, 12), suggest-
ing that thiazide reduces sodium reabsorption and promotes
calcium reabsorption. Indeed, normal calcium homeostasis
can affect BMD positively (17). Thiazide also acts on bone cells
directly by decreasing osteoclast differentiation (18).

The effects of beta-blocker and calcium channel blockers
(CCB) on BMD in humans are controversial, with some drugs
reducing fracture risk and others not affecting fracture risk (4,
13, 19-21). In OVX mice, propranolol did not reduce BMD loss
in femurs (22). The results of this experiment are consistent
with the earlier one. In our study, BMD was unaffected by CCB.
In the case of CCB, use of non-dihydropyridine drugs was asso-
ciated with a fracture risk reduction than use of dihydropyri-
dine drugs (4). Therefore, additional studies are needed to un-
derstand the effects of CCB on bone.

Previous studies show bone to be under the influence of the
rennin-angiotensin-aldosterone system, with angiotensin II af-
fecting bone homeostasis adversely. Inhibition of angiotensin
1T is beneficial for bone function. Treatment of angiotensin re-

http://dx.doi.org/10.3346/jkms.2013.28.8.1139
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ceptor blocker (ARB), olmesartan, attenuated the ovariectomy-
induced decrease in BMD (23). In a recent cohort study, ARB
reduced the risk of fracture in elderly women (6). Although an-
giotensine converting enzyme (ACE) inhibitor use was reported
with higher BMD in elderly women, captopril did not increase
BMD in OVX mice (24). Enalapril also did not influence bone
metabolism and BMD (25). Our data suggest that ARB plays a
protective role in severely deficient estrogen mice but that BMD
is unaffected by an ACE inhibitor.

Our results showed that thiazide and telmisartan reduced
BMD loss in OVX mice severely deficient in estrogen. These re-
sults were consistent with a recent epidemiological study where
Solomon et al. reported a reduction in fracture risk by ARB and
thiazide in elderly women (6). These findings suggest that ARB
and thiazide are beneficial to elderly women with osteoporosis
and hypertension. Because of the increasing population of el-
derly people with osteoporosis, the need for preventive therapy
is a public health priority. Our findings are likely to help health-
care professionals prescribe antihypertensive drugs without
further affecting bone function, especially in postmenopausal
hypertensive women with osteoporosis.

In summary, thiazide positively affects BMD in OVX mice.
Thiazide and telmisartan also reduced bone loss in severely de-
ficient estrogen mice. Thiazide and telmisartan may be front-
line therapy for hypertensive patients who are at an increased
risk for osteoporosis or already have postmenopausal osteopo-
rosis. Long-term prospective randomized studies will need to
be performed to further assess the effects of antihypertensive
drugs on postmenopausal osteoporosis.
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