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Introduction

There is considerable evidence from animal studies that the sym-
pathetic nervous system (SNS) is an important regulator of bone
metabolism. The Karsenty group showed that intracerebroven-
tricular administration of leptin reduced bone formation and bone
mass in mice (1). This effect was mediated via the SNS, with leptin
acting on the hypothalamus to increase sympathetic outflow, lead-
ing to the activation of B-adrenergic receptors (8-ARs) on osteo-
blasts and resulting in decreases in osteoblast proliferation, differ-
entiation, and histologically assessed bone formation (2). Further,
SNS activation also resulted in greater osteoclastic bone resorption
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BACKGROUND. Evidence from rodent studies indicates that the sympathetic nervous system (SNS) regulates bone
metabolism, principally via §,-adrenergic receptors (B,-ARs). Given the conflicting human data, we used multiple approaches
to evaluate the role of the SNS in regulating human bone metabolism.

METHODS. Bone biopsies were obtained from 19 young and 19 elderly women for assessment of ADRB1, ADRB2, and

ADRB3 mRNA expression. We examined the relationship of -blocker use to bone microarchitecture by high-resolution
peripheral quantitative CT in a population sample of 248 subjects. A total of 155 postmenopausal women were randomized

to 1of 5 treatment groups for 20 weeks: placebo; propranolol, 20 mg b.i.d.; propranolol, 40 mg b.i.d.; atenolol, 50 mg/day;

or nebivolol, 5 mg/day. We took advantage of the p.-AR selectivity gradient of these drugs (propranolol [nonselective] <<
atenolol [relatively B.-AR selective] < nebivolol [highly B.-AR selective]) to define the B-AR selectivity for SNS effects on bone.

RESULTS. ADRB1 and ADRB2, but not ADRB3, were expressed in human bone; patients treated clinically with B,-AR-selective
blockers had better bone microarchitecture than did nonusers, and relative to placebo, atenolol and nebivolol, but not
propranolol, reduced the bone resorption marker serum C-telopeptide of type | collagen (by 19.5% and 20.6%, respectively;

P < 0.01) and increased bone mineral density of the ultradistal radius (by 3.6% and 2.9%; P < 0.01 and P < 0.05, respectively).

CONCLUSIONS. These 3 independent lines of evidence strongly support a role for adrenergic signaling in the regulation of bone

FUNDING. This research was supported by the NIH (AG004875 and AR027065) and a Mayo Clinic Clinical and Translational

by increasing osteoblast expression of RANKL (3). Subsequent
studies from the same group using osteoblast-specific deletion of
B,-ARs indicated that the effects of sympathetic outflow on bone,
at least in mice, were mediated principally via B,-ARs, with little
or no role for f,- or B,-ARs (4). However, other investigators have
identified both B- and B,-ARs in various osteoblast-like cell lines
(5), and global KO in mice of either f,- or B,-ARs was associated
with skeletal changes (6), indicating that both receptor subtypes
may play important roles in regulating bone metabolism.

On the basis of these findings, several animal studies have
examined the possible effects of pharmacological B-AR blockade
on bone mass and metabolism. Takeda et al. (2) demonstrated that
5 weeks of treatment with the nonselective B-blocker propranolol
(0.4 mg/day), increased bone mass in ovary-intact female mice.
Extending their findings to mice ovariectomized at 6 weeks of age
and treated for 7 weeks, these investigators found that the same
propranolol dose maintained bone mass at levels comparable to
those in sham-operated animals. These results were subsequently
confirmed in 2 studies in rats, both of which also found import-
ant dose-related effects of propranolol on bone metabolism, with
lower doses being more effective than higher ones (7, 8). In the
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Table 1. Expression of ADRB1, ADRB2, and ADRB3 mRNA levels in human bone biopsies and

cultured osteoblasts assessed by RNA-seq

Raw counts, median (range)

RPKM, median (range)

expression being higher than ADRBI
expression. We found no effect of age on
mRNA expression of any of the p-ARs.
ADRB3 mRNA was also not expressed
in a human osteoblast cell line (hFOB)

Human biopsies Young (n = 19) Elderly (n = 19) Young (n = 19) Elderly (1=19)  Pvalue
ADRBI 62 (44, 106) 78 (28, 106) 0.28(0.17,0.55)  0.36(0.14, 0.60) 063 (11); the absolute and relative expression
ADRB2 926 (606,1234) 920 (564, 1340) 557(3.29,701)  616(3.77,8.71) 0.28 levels of ADRBI and ADRB2 in hFOB
ADRB3 0(0,2) 0(0,4) 0(0, 0.01) 0(0,0.02) 095 cells were very similar to those observed

hFOB cells (n = 3) in the human bone biopsies. To estab-
ADRB1 140, 150, 168 0.29,0.37,0.37 lish the functionality of f-ARs in human
ADRB2 1070, 1358, 1476 3.44,3.69,4.20 osteoblasts, we next treated hFOB cells
ADRB3 0,04 0.00,0.00, 0.01 with either a B -AR agonist (dobutamine)

The P value compares elderly versus young biopsies using a negative binomial regression model. RPKM,

reads per kb per million mapped reads.

(12, 13) or a B,-AR agonist (salmeterol)
(14). Both dobutamine and salmeterol
increased the mRNA levels of previous-

first, Bonnet et al. (7) ovariectomized or sham operated 6-month-
old Wistar rats and treated the ovariectomized rats with 0.1, 5, or
20 mg/kg propranolol (5 days/week) for 10 weeks. Bone mass
and microarchitecture were preserved in the 0.1-mg/kg group,
and this was accompanied by increased osteoblast activity and
reduced osteoclast surface, whereas the 20-mg/kg dose was com-
pletely ineffective. These findings were confirmed by Sato et al.
(8), who showed in spontaneously hypertensive rats that proprano-
lol doses of 0.1 and 1 mg/kg/day increased bone mass and indices
of bone formation, while decreasing bone resorption indices. By
contrast, a dose of 10 mg/kg/day was less effective. The reason(s)
why lower doses of propranolol were more effective than higher
doses in regulating bone metabolism in rodents is unclear but is
an important issue to consider when interpreting human studies
on SNS regulation of bone metabolism. Specifically, a prospective
study by Reid et al. (9) examining possible effects of a f-blocker
on bone turnover used a very high dose of propranolol (160 mg/
day) and failed to find any clear effects of propranolol on serum
markers of bone turnover. Thus, given the animal dose-response
data, the question of whether lower doses of propranolol may have
more favorable effects on bone turnover in humans, as well as the
B-AR selectivity (- vs. 2- vs. B,-ARs) for SNS effects on bone in
humans remain important, unresolved issues.

In the present study, we used multiple approaches to evaluate
the possible role of sympathetic outflow in regulating bone metab-
olism in humans: (a) examination of the expression of ADRBI,
ADRB2, and ADRB3 in human bone biopsies and cultured human
bone cells; (b) analysis of population data on bone microarchitec-
ture in subjects either clinically treated or not with B-blockers; and
(c) adirect interventional study that also sought to define the f-AR
selectivity for SNS effects on human bone.

Results

Expression of f-ARs in human bone and cultured osteoblasts. We have
previously obtained needle biopsies of bone from the posterior
iliac crest of 19 young women (mean age + SD, 30.3 * 5.4 years)
and 19 elderly women (73.1 £ 6.6 years of age) (10). Table 1 shows
the RNA-sequencing (RNA-seq) analysis for ADRBI, ADRB2, and
ADRB3 in these subjects. Both ADRBI and ADRB2, but not ADRB3,
were expressed in human bone samples, with ADRB2 mRNA

ly identified B-adrenergic target genes,
including C-FOS and C-MYC (Supple-
mental Figure 1, A and B; supplemental material available online
with this article; https://doi.org/10.1172/JCI122151DS1), and
altered the mRNA levels of a number of B-adrenergic-responsive
circadian clock genes (Supplemental Figure 1, C-F) (15, 16). In addi-
tion, both dobutamine and salmeterol increased RANKL mRNA
levels by approximately 2-fold (Figure 1A), but had no effect on
OPG mRNA levels (Figure 1B). Both B-AR agonists also increased
ADRBI mRNA levels by approximately 4- to 6-fold (Figure 1C), but
neither agonist altered ADRB2 mRNA levels (Figure 1D).
Relationship of -blocker use to bone microarchitecture in a pop-
ulation-based sample. From our previously described popula-
tion-based cohort (17, 18), we identified 67 subjects over the age
of 50 years who had used B-blockers for at least 1 year over the
preceding 5 years; of these, 63 were on B -selective blockers (aten-
olol or metoprolol). Given the insufficient number of subjects on
B-nonselective blockers (propranolol; n = 4), we focused our anal-
ysis on those taking B -selective blockers. Table 2 shows the demo-
graphic characteristics and high-resolution peripheral quantitative
CT (HR-pQCT) imaging data for the p -selective blocker users and
nonusers, adjusted for age and sex. As is evident in Table 2, trabec-
ular microarchitectural parameters (trabecular bone volume as a
function of tissue volume [BV/TV] and trabecular number [TbN])
assessed by HR-pQCT at both the radius and tibia were significantly
better in the B -selective blocker users as compared with nonusers,
whereas the cortical parameters were not significantly different.
Supplemental Table 1 shows the dual-energy x-ray absorptiometry
(DXA) and central (spine and femur neck) QCT parameters, which
were not significantly different between the 2 groups.
Interventional study of effects of p-blockers on bone turnover
and bone mineral density. Having demonstrated the expression
of ADRBI and ADRB2, but not ADRB3, in human bone and cul-
tured osteoblasts, as well as better bone microarchitecture in a
population sample of B -selective blocker users as compared with
nonusers, we next sought to definitively establish causality in a
proof-of-concept interventional study. To do so, we recruited 165
postmenopausal women and randomized them to 1 of 5 treatment
groups for 20 weeks (see Figure 2 for the study CONSORT flow
diagram): (a) placebo; (b) propranolol, 20 mg b.i.d.; (c) propran-
olol, 40 mg b.i.d.; (d) atenolol, 50 mg/day; or (e) nebivolol, 5 mg/
day. A total of 155 women received the allocated intervention and
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129 completed the full 20 weeks of the study. The propranolol dos-
es were chosen on the basis of a previous human study that had
used 160 mg/day and found no significant effects on bone turn-
over (9) and on the basis of animal data showing, paradoxically,
that lower doses of propranolol had greater skeletal efficacy than
did higher doses (7, 8); as such, we chose to use 50% and 25% of the
previously ineffective 160-mg/day dose (9). Moreover, as no clin-
ically available ,-AR-selective antagonists exist, we took advan-
tage of the P -AR selectivity gradient of these drugs (propranolol
[nonselective] << atenolol [relatively B-AR selective/some f,-AR
antagonism] < nebivolol [highly B-AR selective]) (19, 20) to define
the B-AR selectivity for SNS effects on bone metabolism.

Table 3 shows the baseline anthropometric, biochemical, and
DXA bone mineral density (BMD) data for the study participants.
Prespecified primary endpoints were the changes in the bone
resorption marker serum C-telopeptide of type I collagen (CTx)
and the bone formation marker amino-terminal propeptide of
type I collagen (PINP) from baseline out to 20 weeks in each group
(Figure 3, A and B). Relative to the placebo group, there were small,
nonsignificant decreases in serum CTx levels with both doses of
propranolol. By contrast, serum CTx levels decreased significantly
following treatment with atenolol (19.5% relative to placebo) and
nebivolol (20.6% relative to placebo) (Figure 3A). Likewise, serum
PINP levels did not change significantly relative to those for place-
bo with either dose of propranolol, but these levels decreased sig-
nificantly following treatment with atenolol and nebivolol (Figure
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3B). Prespecified secondary endpoints included the changes in the
bone resorption marker serum tartrate-resistant acid phosphatase
5b (TRAP5b) and the bone formation marker osteocalcin from
baseline out to 20 weeks in each group (Figures 3, C and D). As with
CTx, serum TRAP5b levels were reduced following treatment with
atenolol and nebivolol (by 13.6% and 15.0%, respectively, relative
to placebo; Figure 3C). Propranolol at 20 mg b.i.d. significantly
reduced serum TRAP5D levels, but the change observed with the
40-mg b.i.d. dose was not significant (P = 0.066). The changes in
serum osteocalcin levels are shown in Figure 3D. Relative to place-
bo, the small reduction in osteocalcin following atenolol or nebiv-
olol treatment was not statistically significant (P = 0.11 and P =
0.054, respectively). By contrast, both doses of propranolol mark-
edly decreased serum osteocalcin levels. Supplemental Figures
2-5 show the time course of changes in the serum bone turnover
markers, which were generally similar for atenolol and nebivolol,
but differed from the changes seen with the 2 doses of propranolol.
Thus, both atenolol and nebivolol treatment resulted in progressive
decreases in serum CTx levels over time (Supplemental Figure 2).
We observed a transient (week 2) increase in serum PINP levels
following nebivolol treatment, but then a subsequent reduction
in PINP with both atenolol and nebivolol (Supplemental Figure
3). Changes in serum TRAPS5b levels across groups were similar
to those seen for CTx (Supplemental Figure 4). As noted earlier,
there were minimal changes over time in serum osteocalcin with
atenolol or nebivolol treatment, but marked reductions in serum
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Table 2. Demographic and HR-pQCT imaging data on f3 -AR-selective blocker users

versus nonusers

Nonusers Users
n 185 63
Male, n (%)* 94 (51%) 41(65%)
Age, yr* 66 + 10 74 £12
Height, cm 169 + 0.5 169+ 0.8
Weight, kg 85+13 84123
BMI, kg/m? 29+04 30+0.7
HR-pQCT, trabecular
Radius
BV/TV 0.130 + 0.002 0142 +0.004
TbN, 1/mm 177 £0.02 190 + 0.04
TbTh, mm 0.073 £ 0.001 0.075 + 0.002
TbSp, mm 0.53+0.02 049 +0.03
Tibia
BV/TV 0.146 £ 0.002 0.156 + 0.004
TbN, 1/mm 1.85+0.03 2.01+0.05
TbTh, mm 0.080 + 0.001 0.079 + 0.002
TbSp, mm 049 +0.01 0.44 +0.02
HR-pQCT, cortical
Radius
(t vBMD, mg/cm? 864 + 47 880+82
CtTh, mm 1.06 £ 0.02 111+£0.03
Ct porosity 0.023 £0.001 0.023 £0.001
Tibia
Cortical vBMD, mg/cm? 802 +4.6 819 + 8.1
CtTh, mm 1.24 £ 0.02 129 +£0.03
Cortical porosity 0.069 + 0.002 0.068 +0.003

Body size and HR-pQCT values were age- and sex-adjusted least squares means + SEM. P
values are based on linear regression models that include the variables 3,-AR-selective blocker
use status, age, and sex. “Users were significantly older (P < 0.001) and more likely to be

male (P < 0.05) than were nonusers. Summary statistics for age represent the mean + SD. Ct,

cortical; TbSp, trabecular separation; vBMD, volumetric BMD.

es in PINP, but there was otherwise no consistent
pattern of baseline catecholamine values predic-
tive of changes in either bone turnover or BMD. We

Pvalue (adjusted should note that a caveat to these measurements
for sex and age) is that sympathetic outflow can be different across
= tissues, so single plasma measurements should be

- interpreted with caution.

039 Discussion

091 Using 3 different approaches, we demonstrate in
080 the present study that (a) p,- and p,-ARs, but not
B,-ARs, are expressed in human bone; (b) patients
0033 receiving B,-selective blockers have better bone
0.015 microarchitecture than do those not treated with
03 B-blockers; and (c) B -selective blockers (atenolol,
031 nebivolol), but not a nonselective B-AR blocker
(propranolol), have favorable effects on bone
0.041 turnover and BMD in postmenopausal women.
0.003 Although some correlative evidence, summarized
0.68 below, has been supportive of a role for SNS reg-
0.006 ulation of bone metabolism in humans, to our

knowledge, this is the first study to establish cau-
sality and identify the role of p -AR modulation in
0 regulating bone turnover and mass in humans.

019 These findings are consistent with those of
073 a previous study from our group (21), in which
0.09 we related sympathetic activity (measured using
0'.27 microneurography at the peroneal nerve) to bone
087 microstructure (assessed by HR-pQCT) in pre-

and postmenopausal women. As with earlier
findings (22), we demonstrated in that study that
sympathetic outflow was approximately 2.4-fold
higher in the postmenopausal women than in the
premenopausal women. In the 2 groups combined
and after age adjustment, we found that sympa-

osteocalcin with both doses of propranolol (Supplemental Figure
5). Collectively, these data demonstrate that atenolol and nebiv-
olol, but not propranolol, consistently reduce bone resorption;
although serum PINP was reduced with both B -selective block-
ers, we detected little or no changes in osteocalcin with atenolol or
nebivolol treatment.

Figure 4 shows the changes over 20 weeks in the DXA BMD
values. Despite the relatively short duration of the intervention,
ultradistal radius BMD (which predominantly contains trabecular
bone) increased significantly following treatment with atenolol
(3.6% relative to placebo) and nebivolol (2.9% relative to placebo)
(Figure 4A). By contrast, changes at the distal radius (which pre-
dominantly contains cortical bone; Figure 4B) were not statistical-
ly significant. The overall analysis of covariance (ANCOVA) mod-
el (see Statistics) was not significant for changes in femur neck or
spine BMD for any of the interventions (Figure 4, C and D).

As the 2 effective drugs were atenolol and nebivolol, we also
explored whether baseline plasma catecholamine levels predicted a
response to either drug. As shown in Table 4, in the nebivolol group,
baseline epinephrine levels were negatively correlated with chang-

thetic activity was inversely correlated with BV/

TV and trabecular thickness (TbTh) at the distal
radius. Similar findings were recently reported by Lamberts et al.
(23), who also used microneurography to measure sympathetic
outflow in 96 overweight or obese men and women and demon-
strated inverse associations between sympathetic outflow and total
body and leg bone mineral content.

Our population data showing better bone microarchitec-
ture by HR-pQCT in subjects treated with B -selective blockers
as compared with nonusers are largely consistent with data from
previous observational studies on the relationship of B-blocker
use to BMD and fracture risk. Use of p-blockers was associated
with a 23% reduction in fracture risk in the UK General Practice
Research Database (24), and several recent meta-analyses consis-
tently found protective effects of B-blocker use on BMD and frac-
ture risk (25-28). The largest of these meta-analyses by Toulis et
al. (28) pooled results of 16 studies involving 1,644,570 subjects
and found that the risk of any fracture was significantly reduced in
subjects receiving p-blockers as compared with the risk for control
subjects (random effects pooled effect size of 0.86; 95% CI, 0.78-
0.93), with similar protection seen in women and men. Interest-
ingly, and consistent with our findings, the analysis of Toulis et al.
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Assessed for eligibility (n = 205)

Excluded (n = 40)
Not meeting inclusion criteria (n = 35)

Refused to participate (n = 4)
Other reasons (n = 1)

Enrollment

=
8
=
®©
o
S
<

| Propanolol 20 mg b.i.d. |

Randomized (n = 165)

| Propanolol 40 mg b.i.d. |

| Atenolol 50 mg o.d. |

Nebivolol 5 mg o.d.

Allocated to intervention
(n=33)

Received allocated
intervention (n = 31)

Did not receive allocated
intervention (n = 2)

(1 no show, 1 had
syncope at blood draw)

Allocated to intervention
(n=33)

Received allocated
intervention (n = 30)

Did not receive allocated
intervention (n = 3)

(1 no show, 1 not eligible,
1 unable to place 1V)

Allocated to intervention
(n=33)

Received allocated
intervention (n = 32)

Did not receive allocated
intervention (n = 1)
(1 not eligible)

Allocated to intervention
(n=33)

Received allocated
intervention (n = 30)

Did not receive allocated
intervention (n = 3)

(1 no show, 1 unable to
place IV, 1 not eligible)

Allocated to intervention
(n=33)

Received allocated
intervention (n = 32)

Did not receive allocated
intervention (n = 1)
(1 no show)
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Lost to follow-up (n = 1) Lost to follow-up (n = 0) Lost to follow-up (n = 0) Lost to follow-up (n = Q) Lost to follow-up (n = 0)

5‘ (1 moved)

?, Discontinued intervention Discontinued intervention Discontinued intervention Discontinued intervention

= Discontinued intervention (n = 4) (2 did not tolerate (n =7) (6 did not tolerate (n = 5) (4 did not tolerate (n = 8) (6 did not tolerate

e (n = 1) (husband died) drug, 2 protocol violation) drug, 1 protocol violation) drug, 1 noncompliant) drug, 1 protocol violation,
== 1 noncompliant)

é Analyzed (n = 31) Analyzed (n = 30) Analyzed (n = 32) Analyzed (n = 30) Analyzed (n = 32)

‘©

£ Week 20 analysis (n = 29) Week 20 analysis (n = 26) Week 20 analysis (n = 25) Week 20 analysis (n = 25) Week 20 analysis (n = 24)

Figure 2. CONSORT flow diagram for the interventional study. The study flow diagram shows the number of subjects assessed for eligibility as well as the
number randomized, allocated, lost to follow-up, and included in the final analysis.

(28) as well as an earlier meta-analysis by Yang et al. (27) demon-
strated that it was predominantly B -selective blockers that were
associated with higher BMD and reduced fracture risk.

Studies of patients with pheochromocytomas are also consis-
tent with the hypothesis that excessive catecholamine production
by these tumors leading to activation of B-ARs regulates bone
metabolism. Thus, Veldhuis-Vlug et al. (29) examined changes in
bone turnover markers following adrenalectomy in 21 patients with
pheochromocytomas. Despite the confounding factor that 14 of the
21 patients were on B-blocker treatment preoperatively, pheochro-
mocytoma resection was associated with a 21% decrease in serum
CTx levels. Consistent with this, Kim et al. (30) found that subjects
with pheochromocytomas had 7.2% lower BMD at the spine as well
as 33.5% higher CTx levels compared with matched subjects with-
out pheochromocytomas. Interestingly, despite the much greater
catecholamine production in patients with pheochromocytomas
compared with that of normal subjects, the observed decreases
in CTx following tumor removal are in the same range that we
observed (~20%) with atenolol or nebivolol treatment.

As noted earlier, a previous study by Reid and colleagues in
postmenopausal women treated with 160 mg/day propranolol

jci.org  Volume128  Number11  November 2018

concluded that B-blockers did not have favorable effects on bone
metabolism in humans (9). In our study, given the animal data
showing that lower doses of propranolol had greater skeletal effi-
cacy than did higher doses (7, 8), we used 50% and 25% of the
previously ineffective 160-mg/day propranolol dose (9). Despite
this, our findings with propranolol were generally consistent with
those of Reid et al. (9), and a similar lack of effects of propranolol
atadaily dose of 80 mg/day on serum CTx or PINP levels in post-
menopausal women was recently reported by Veldhuis-Vlug et
al. (31). Of note, we found that propranolol markedly decreased
serum osteocalcin levels; in fact, Reid et al. (9) reported identical
changes in serum osteocalcin following propranolol treatment
in their study. Whether this reflects a detrimental effect of pro-
pranolol on bone metabolism and potentially on bone mass with
longer-term treatment remains unclear. Collectively, however,
ours and the previous findings provide strong evidence that,
unlike findings in rodents (2, 7, 8), nonselective B-AR blockade
does not have favorable effects on bone metabolism in humans.
By contrast, our data demonstrate that in humans, p -selective
blockers (atenolol and nebivolol) reduce bone resorption and
have favorable effects on BMD, at least at the ultradistal radius,
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Table 3. Baseline anthropometric, biochemical, and DXA parameters of study subjects

Placebo Propranolol 20 mg b.i.d.

n 31 30
Age, yr 614+44 616 +4.9
Height, m 1.64 + 0.06 1.64 £ 0.05
Weight, kg 731+139 70.7 +16.4
BMI, kg/m? 2731456 264 +6.0
Heart rate, bpm 72+82 69.9 +8.7
5-min systolic BP, mmHg B31+19 1115
5-min diastolic BP, mmHg 78.7+£10.6 772+ 115
25-hydroxyvitamin D, ng/ml 39.2+£14.0 403 +14.7
CTx, ng/ml 0.575+0.238 0.566 + 0.222
PINP, ng/I 612+24.8 578 +19.6
TRAPSb, U/ 2.79+0.62 2.68 +0.64
Osteocalcin, ng/ml 29.2+10.6 276191
Catecholamines

Dopamine, pg/ml 240+0.2 24213

Epinephrine, pg/ml 253+44 24.2 +0.65

Norepinephrine, pg/ml 346 + 157 384 + 143
DXA

Ultradistal radius, g/cm? 0.383 + 0.066 0.394 + 0.080

Distal radius, g/cm? 0.586 + 0.083 0.599 + 0.087

Femur neck, g/cm? 0.879 £ 0.124 0.832+0.118

L1-L4 spine, g/cm’ 1106 £0.179 1.076 £ 0.190

Propranolol 40 mg b.i.d.

Atenolol 50 mg/day

Nebivolol 5 mg/day

32 30 32
60.6 + 44 61.8 £ 51 614+48
1.65+0.07 1.62 +0.07 164 +£0.06
741+104 74.8 16.3 784 £175
2711£37 285+54 29.0£6.1
68.7+84 677+6.8 705+78
130 £16 12713 130 £15
799+94 7713+85 815+ 84
31.5+8.2 37992 39.2+125
0.556 +0.203 0427 £ 0173 0.551+0.218
559+ 141 472 £141 546 £15.0
2.61+0.54 249+ 049 2.69+0.69
289+78 226+73 255+6.9
240£00 252+ 64 419+982
25129 246121 26.7+6.8
297 113 298 £152 288 +103
0.382 + 0.055 0.413 + 0.064 0.397 £ 0.077
0.587 +0.064 0.626 +0.072 0.612 £ 0.100
0.858 +0.097 0.900 + 0.131 0.895 £ 0.135
1.085 £ 0.145 1112 £ 0.140 1140+ 0.219

Data represent the mean + SD.

a site enriched for trabecular bone, during a treatment period of
as brief'as 20 weeks.

As noted earlier, available animal data have found that sym-
pathetic outflow increases bone resorption (3, 7, 8) and decreases
bone formation (2). In our interventional study, p-AR blockade
with atenolol or nebivolol resulted in reductions in markers of
bone resorption (CTx, TRAP5Db) as well as in serum PINP levels,
but had minimal (nebivolol) or no (atenolol) effects on serum
osteocalcin levels. In fact, we observed a transient increase (at 2
weeks) in serum PINP levels with nebivolol treatment. Given the
previous rodent data demonstrating effects of sympathetic out-
flow on bone formation (2), it is possible that both atenolol and
nebivolol have favorable effects on bone formation but that this
effect is masked over time because of the noted reduction in bone
resorption leading to a reduction in the coupled process of bone
formation, as seen with all antiresorptive agents (32). A favorable
effect on bone formation may potentially explain why, in the set-
ting of modest reductions in serum CTx levels of approximately
20%, we observed substantial increases in ultradistal radius BMD
with both atenolol and nebivolol over just 20 weeks of treatment.

We acknowledge that the B,-selective blockers that are clin-
ically available and used in our study are not entirely specific for
the B,-AR, and it is possible that the observed effects with atenolol
and nebivolol may not be due solely to p -AR blockade but also to a
“low-dose spillover” effect on the p,-AR. However, if this were the
case, we should have observed clearly better skeletal effects with
atenolol compared with nebivolol, as the latter is highly specific for
B,-AR blockade, with little or no effects on f,-ARs (19, 20); nonethe-
less, our data do not formally exclude this possibility. In addition,

our data do not establish whether the effects of §,-AR blockade we
observed were due to direct effects on bone or were mediated indi-
rectly, perhaps via CNS B -AR blockade. However, although nebiv-
olol is relatively lipophilic and does cross the blood-brain barrier
(33), atenolol is not lipophilic and has very low CNS penetration
(34). Accordingly, the relatively similar effects of both drugs on
bone turnover and BMD would argue against central ,-AR block-
ade as a major factor in our findings. Nonetheless, it is still possible
that the effects of B,-AR-selective blockers on bone were mediated
indirectly, for example, through reductions in peripheral vascular
resistance and increased skeletal blood flow or via other hormonal
changes (e.g., in growth hormone or IGF 1 levels) that we did not
measure. Finally, we also did not specifically evaluate changes in
physical activity or mental/cognitive function following each of
our interventions that could lead to changes in the biomechanical
impact on the skeleton, so we cannot exclude the possibility that
these factors may have played a role in our findings.

Since propranolol also binds the B,-AR, it is perhaps surprising
that it lacked efficacy in regulating bone metabolism in humans.
However, the relative affinity ratios (B,/B,) for the 3 drugs used in
this study were propranolol: 0.3; atenolol: 5.7; and nebivolol: 40.0
(20). As such, if the skeletal response depends specifically on B -
AR antagonism or the ratio of B, versus B, affinity, that may explain
our findings. It is also of interest that in hFOB cells, both a f,-AR
agonist (dobutamine) (12, 13) and a f,-AR agonist (salmeterol)
(14) increased RANKL mRNA levels, and both agonists increased
ADRBI but not ADRB2 mRNA levels. These findings suggest the
possibility that the higher sympathetic outflow that we (21) and
others (22) have demonstrated in postmenopausal versus pre-
November 2018

jci.org  Volume 128  Number 11

4837


https://www.jci.org
https://www.jci.org
https://www.jci.org/128/11

4838

CLINICAL MEDICINE

CTx ANCOVA P =0.006

A 160
120L

*% *%

IS
o
T

N
o
T

"""H'|" e
-.....||+.. sese's
5 oo ..|.|.|..... -

% Change from baseline

(¢}

TRAP5b ANCOVA P =0.002

60

40+ **

. ...-+|+... coe %

.......|.|.. S oo
i
.....|.|.|... o« e %

% Change from baseline
o

Nebivolol
5mgq.d.

Atenolol
50 mg q.d.

Placebo  Propranolol

20 mg b.i.d.

Propranolol
40 mg b.i.d.

The Journal of Clinical Investigation

B 200
PINP ANCOVA P =0.026
160 |
L ]
® * *
% 40
L]
3 > s °
Q 20 o
£ -2
g ol— H i °
o - —— 8 _l_
g t — -
P -20 [
O - . (]
X a0t .
60
D Osteocalcin ANCOVA P < 0.001
40 -
)
£
= *kk *kk
@ 20F .
(0] °
Rl
£
o O——= 4 .
= —_— ° ° —
© H BB +
2 20 %
@
<
O
X 40 . S °
[ ]
-60
Placebo  Propranolol  Propranolol Atenolol Nebivolol
20mgb.id. 40mgb.id. 50mgqd. 5mgq.d.

Figure 3. Percentage of change from baseline in bone resorption and bone formation markers in the study subjects following the assigned treatments.
Percentage of change from baseline after 20 weeks of treatment in serum levels of (A) CTx, (B) PINP, (C) TRAP5b, and (D) osteocalcin. ANCOVA P values are
indicated, and when these were less than 0.05, individual groups were compared with the placebo-treated group using the Dunnett’s 2-tailed t test.

*P < 0.05, **P < 0.01, and ***P < 0.001. As per the CONSORT flow diagram in Figure 2, the sample sizes for the week-20 analyses were as follows: placebo,
n =29; propranolol 20 mg b.i.d., n = 26; propranolol 40 mg b.i.d., n = 25; atenolol 50 mg/day, n = 25; and nebivolol 5 mg/day, n = 24.

menopausal women may induce a “feed-forward” loop in bone by
increasing the expression of ADRBI, thereby increasing the rela-
tive importance of signaling through this receptor with aging and
perhaps explaining why the B,-selective antagonists were effica-
cious in reducing bone resorption in our study but a nonselective
B-antagonist was not. Arguing against this explanation is the fact
that we did not find an increase in ADRBI mRNA in bone biopsies
from postmenopausal women as compared with those from pre-
menopausal women, although it is possible that ADRBI expression
increased in a specific population of osteoblastic cells in the bone
biopsies but was masked by the heterogeneous population of cells
in the biopsies. Further studies are clearly needed to better define
the underlying mechanisms explaining the better skeletal effi-
cacy of B -selective antagonists as compared with a nonselective
B-antagonist, although the differential regulation of ADRBI versus
ADRB2 by B-adrenergic agonists in human osteoblastic cells may
provide a clue regarding potential directions to pursue.

In conclusion, using 3 independent approaches, we believe our
study establishes for the first time an important role for adrenergic
signaling in the regulation of bone metabolism in humans, princi-
pallyvia B,-ARs. Given the previously noted increase in sympathetic
outflow in postmenopausal versus premenopausal women (21) and
with aging in both sexes (22), our findings raise the testable hypoth-
esis that increased B-adrenergic signaling may contribute to post-
menopausal and age-related bone loss. In addition, our study also
has potential therapeutic implications. Thus, although a number of

jci.org  Volume128  Number11  November 2018

options exist for the treatment of osteoporosis, concerns regarding
rare side effects such as osteonecrosis of the jaw or atypical femur
fractures have led to a marked reduction in the appropriate use of
the available drugs (35). Moreover, following dissemination of the
results of the Women’s Health Initiative (36), a substantial num-
ber of women who were previously treated with estrogen for the
prevention of osteoporosis now have few, if any, options, because
bisphosphonates are now generally only recommended for wom-
en already at high risk of fracture (37). As such, the possibility that
relatively safe and inexpensive (at least for generic atenolol) drugs
such as B,-AR-selective blockers that have been widely used in the
treatment of hypertension, migraine, congestive heart failure, and
other cardiovascular diseases (38) may also have utility for the
prevention or treatment of osteoporosis warrants further investi-
gation. Specifically, our findings establishing proof of concept that
B,-AR-selective blockers may have favorable effects on bone turn-
over and BMD in postmenopausal women provide compelling data
to support the initiation of longer-term, definitive clinical trials
with BMD and/or fracture as outcomes to evaluate whether these
agents can fill this crucial clinical need.

Methods

Study subjects
Biopsy study. We reanalyzed needle bone biopsies from a previous
study (10) involving 19 young women (mean age * SD 30.3 + 5.4 years)
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Figure 4. Percentage of change from baseline in BMD in the study subjects following the assigned treatments. Percentage of BMD change from baseline
following 20 weeks of treatment at the (A) ultradistal radius, (B) distal radius, (C) femur neck, and (D) lumbar spine. ANCOVA P values are indicated, and
when these were less than 0.05, individual groups were compared with the placebo-treated group using a Dunnett’s 2-tailed t test. *P < 0.05 and **P <
0.01. As per the CONSORT flow diagram in Figure 2, the sample sizes for the week-20 analyses were as follows: placebo, n = 29; propranolol 20 mg b.i.d.,

n = 26; propranolol 40 mg b.i.d., n = 25; atenolol 50 mg/day, n = 25; and nebivolol 5 mg/day, n = 24.

and 19 elderly women (73.1 + 6.6 years). Details regarding the inclu-
sion and exclusion criteria for these subjects and the procedures for
RNA-seq are provided in our previous publication (10).

Cell culture studies. The human osteoblast cell line hFOB was
obtained from the laboratory of Thomas Spelsberg (Mayo Clinic, Roch-
ester, Minnesota, USA), which originally established this line (11). hFOB
cells were plated at 2.5 x 10* cells/cm? in 12-well plates and cultured in
aMEM supplemented with 1x antibiotic/antimycotic (Thermo Fisher
Scientific), 1x Glutamax ,and 10% (v/v) FBS (HyClone Laboratories,
GE Healthcare Life Sciences). Following standard culture conditions
for 72 hours, the cells were treated with either vehicle, 25 uM dobuta-
mine, or 10 nM salmeterol for 2 hours. The doses were based on detailed
dose response studies by Yin et al. (39) for dobutamine and Baker (40)
for salmeterol; both reagents were obtained from Sigma-Aldrich. RNA
isolation, cDNA synthesis, and quantitative reverse transcriptase PCR
(qPCR) using ACTB and TUBAIA as stable references genes were per-
formed as previously described (41). The primer sequences for the
genes analyzed are provided in Supplemental Table 2.

Population cohort. Details regarding the population cohort includ-
ed in this study have been provided previously (17, 18). Subjects were
recruited from an age-stratified random sample of Rochester, Min-
nesota, residents who were selected using the medical records link-
age system of the Rochester Epidemiology Project (42). This popu-
lation is highly characteristic of the US White population, but Blacks
and Asians are underrepresented (42). Specific details regarding this
cohort, including the HR-pQCT imaging findings, have previously

been described (17, 18). Briefly, the cohort study included all subjects
aged 50 years and older from our previously described population-
based sample (17, 18), all of whom had HR-pQCT measurements and
were not undergoing treatment with any medications that affect bone
turnover (e.g., estrogen therapy, bisphosphonates, selective estro-
gen receptor modulators). Four subjects who were on a nonselective
B-blocker (propranolol) in the previous 5 years were excluded. The
remaining subjects were divided into those who had used p -AR-selec-
tive blockers (atenolol or metoprolol) in the previous 5 years (n = 63);
all remaining subjects (1 = 185) were considered nonusers. As this was
a random sample from the population, there were no obvious differ-
ences in risk factors for low BMD between B-blocker users and non-
users. For example, there were no statistically significant differences
between the 2 groups for recent corticosteroid use (11% of pB-blocker
users vs. 15% of nonusers; unadjusted P = 0.43; age- and sex-adjusted
P =0.34) or corticosteroid use ever (35% of B-blocker users vs. 43% of
nonusers; unadjusted P = 0.25; age- and sex-adjusted P = 0.22).
Interventional study. As shown in the CONSORT diagram (Fig-
ure 2) for the study (ClinicalTrials.gov NCT02467400), we recruited
healthy postmenopausal women (follicle-stimulating hormone [FSH]
>20 IU/1) aged 50-70 years who were in good health. The exclusion cri-
teria were as follows: (a) abnormality in any of the screening laboratory
studies (complete blood count, serum calcium, phosphorus, creatinine,
and 25-hydroxyvitamin D levels); (b) presence of significant liver or
renal disease, malignancy (including myeloma), malabsorption, diabe-
tes, hypoparathyroidism, hyperparathyroidism, acromegaly, Cushing’s
Number11 ~ November 2018
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Table 4. Spearman’s correlation coefficients for the relationship of baseline catecholamine levels to the
percentage changes in bone turnover and DXA parameters in response to atenolol and nebivolol

(Tx PINP TRAP5b  Osteocalcin  Ultradistal radius
BMD
Atenolol
Catecholamines
Dopamine 0.26 -0.02 018 0.23 -0.03
Epinephrine 013 -0.03 0.15 0.15 0.03
Norepinephrine ~ -0.02 0.02 -0.35 -0.08 -0.28
Nebivolol
(atecholamines
Dopamine 037 0.06 -0.16 0.10 0.05
Epinephrine -0.02 -0.46* -0.23 -0.31 -0.02
Norepinephrine 0.39 0.01 0.04 -0.12 0.08
AP < 0.05.

nebivolol) and large volume
of tablets, we did not have
the resources to cover the

Distal radius  Femurneck  Spine cost of manually encap-

BMD BMD BMD sulating each tablet at our

research pharmacy to make

all tablets indistinguishable.

0.03 0.22 -0.18 Study staff were blinded,

0.06 -0.21 -0.02 because a research pharma-

-0.24 -0.28 -0.08 cist not involved in the study

provided each subject with

1 bottle labeled “am” and a

-0.02 -0.30 0.06 second bottle labeled “pm,”

-0.03 -0.08 -0.12 with 1tablet to be taken from
0.05 017 -0.20

each bottle in the morning
and evening, respectively.

syndrome, hypopituitarism, or severe chronic obstructive pulmonary
disease; (c) undergoing treatment with any medications that affect
bone turnover, including the following: adrenocorticosteroids (>3
months at any time or >10 days within the previous year); anticonvul-
sant therapy (within the previous year); pharmacological doses of thy-
roid hormone (causing a decline of thyroid-stimulating hormone below
normal levels); calcium supplementation of >1,200 mg/day (within
the preceding 3 months); bisphosphonates (within the past 3 years);
denosumab; estrogen therapy or treatment with a selective estrogen
receptor modulator; or teriparatide (within the previous year). Subjects
with a clinical history of osteoporotic fracture (vertebral, hip, or distal
forearm) were also excluded, as were subjects with any recent (within
the previous 6 months) fracture. For vitamin D sufficiency, we ensured
that all subjects had serum 25-hydroxyvitamin D levels of greater than
20 ng/ml. If; at the screening visit, a subject was found to have low
body stores of vitamin D as assessed by serum 25-hydroxyvitamin D
levels below 20 ng/ml (n = 14 subjects), the subject was treated with
1,000 U/day vitamin D for 8 weeks and then had this level rechecked;
all subjects achieved serum 25-hydroxyvitamin D levels of greater than
20 ng/ml and then proceeded with the study. Additional exclusion cri-
teria included a resting blood pressure (BP) above 150/90 mmHg or
hypotension (systolic BP <100 mmHg), a heart rate below 60 bpm at
the screening visit (the average of 3 heart rate and BP measurements,
separated by at least 1 minute), use of antihypertensive medication, or
a history of asthma.

Procedures and treatment
Study protocols. The protocols for the biopsy component (10) and pop-
ulation sample (17, 18) have been described previously. For the inter-
ventional study, the subjects were randomly assigned to 1 of 5 treat-
ment groups: placebo (b.i.d.); propranolol 40 mg/day (20 mg b.i.d.);
propranolol 80 mg/day (40 mg b.i.d.); atenolol, 50 mg/day; or nebiv-
olol, 5 mg/day (subjects in the once-daily groups received a placebo
as the second dose so that all subjects took 2 pills per day). Block ran-
domization was used so that equal numbers of subjects were assigned
to each treatment arm for each block of 15 subjects. The interventional
trial was a randomized, placebo-controlled study with random alloca-
tion. Given the number of drugs (placebo, propranolol, atenolol, and
Volume 128  Number 11
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As such, study staff never
saw the actual tablets any
subject was taking. None of
the tablets had drug identifiers, but because not all the tablets looked
identical, it is possible that some subjects searched the internet and
were able to discern which arm they were randomized to. Although we
requested that study subjects remain blinded to the drug, we cannot
exclude the possibility that this was not respected. Nonetheless, as our
endpoints were all objective measures, we believe that this had little,
if any, impact on the study. Throughout the study, all participants took
the 800 IU vitamin D that was supplied to them, unless they were
already taking a multivitamin that contained at least 500 IU vitamin
D. These subjects were instructed to continue taking their multivita-
min daily throughout the study. Following admission to the Mayo Out-
patient Clinical Research and Trials Unit (CRTU), the subjects rested
for 5 minutes, following which the baseline resting heart rate and BP
were measured. Fasting blood samples were obtained for baseline
assessment of bone formation (serum PINP and OCN) and resorption
markers (serum CTx and TRAP5b), as well as for additional assays.
Assays were performed in serum or plasma that had been stored at
-80°C. At the baseline visit, a plasma sample was also obtained for the
measurement of catecholamines (epinephrine, norepinephrine, and
dopamine) using a standardized protocol (patient resting in the supine
position in a quiet room for 30 minutes and blood drawn through an
indwelling catheter). Study subjects returned as outpatients to the
CRTU for fasting morning blood samples at weeks 1, 2, 4, 8, 12, 16,
and 20 (window of * 2 days for each of these visits). All of the parame-
ters measured at baseline were measured at each of these time points,
except for the plasma catecholamines, which were only measured at
baseline. Ultradistal radius, distal radius, L1-L4 spine, and femur neck
BMD by DXA (Lunar iDXA, GE Medical Systems using enCORE soft-
ware, version 15.0) were measured at baseline and 20 weeks.
Biochemical assays. Serum CTx was measured using the One-
step ELISA Kit (Nordic Bioscience Diagnostics, coefficient of varia-
tion [CV] <8%); PINP was measured by RIA (Orion Diagnostica, CV
<9%); TRAP5b was measured by ELISA (Immunodiagnostic Systems
Ltd., CV <14%); and osteocalcin was measured using the ELSA-
Osteo Two-site immunoradiometric assay (IRMA) (Cisbio US, CV
<8%). Levels of 25-hydroxyvitamin D [25(OH)D] (CV <7%) were
measured using liquid chromatography-tandem mass spectrome-
try (API 5000; Applied Biosystems/MDS SCIEX). Plasma catechol-


https://www.jci.org
https://www.jci.org
https://www.jci.org/128/11

The Journal of Clinical Investigation

amines (dopamine, epinephrine, norepinephrine) were measured
using HPLC in the Mayo Clinical Laboratories (CV <13%).

Statistics

Details regarding processing and analysis of the RNA-seq data have
been previously published (10). For analysis of the population cohort,
values are presented as age- and sex-adjusted least squares means, and
linear regression models were used to assess each parameter includ-
ing the variables age, sex, and P,-selective blocker use status. Spear-
man’s correlations were used to summarize the relationship between
baseline catecholamine levels and changes in bone turnover and DXA
parameters. For analysis of the 20-week measurements, an ANCOVA
model was used that included treatment as a fixed effect and baseline
measurements as a covariate. Although randomization should ideally
obviate the need to correct for baseline factors, given that we had 5
groups and approximately 30 subjects per group, there is the possibil-
ity that randomization may not have perfectly balanced the subjects
with regard to potential covariates — specifically, the baseline values
of the respective response variables. A detailed analysis of ANOVA
versus ANCOVA by Van Breukelen (43) concluded that for random-
ized studies with pre- and postintervention measurements, both
methods are appropriate and unbiased, but the ANCOVA has more
power, and ANCOVA was thus recommended in general. For this rea-
son, we used an ANCOVA model that included the baseline value for
each response variable as a covariate in the model. An F test was used
to test for overall differences between the treatment groups. When the
ANCOVA P value was less than 0.05, pairwise comparisons between
the p-blocker-treated groups and the placebo-treated group were fur-
ther assessed using Dunnett’s 2-tailed ¢ test, which is a multiple com-
parisons procedure for comparisons with a control group. For analyses
using all the time points, we used a mixed-effects model, allowing the
treatment effect to vary across time. This approach allowed for inclu-
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sion of all subjects including those who did not contribute data at all
the time points. All analyses were run using the R Project software
package (http://www.R-project.org).

Study approval
All human studies were approved by the Mayo Clinic IRB, and written
informed consent was obtained from all subjects.
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