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Abstract

Although the non-selective B-blocker, propranolol, improves bone density with PTH treatment in
mice, the mechanism of this effect is unclear. To address this, we used a combination of in vitro
and in vivo approaches to address how propranolol influences bone remodeling in the context of
PTH treatment. In vitro, propranolol amplified the acute, PTH-induced, intracellular calcium
signal and elevated Igf1 expression in osteoblasts. /n vivo, intermittent PTH and propranolol had
synergistic effects in the trabecular bone of the distal femur. The most striking finding was a
complete suppression of PTH-induced bone resorption. Despite this, PTH-induced receptor
activator of nuclear factor kappa-B ligand (RANKL) mRNA and protein levels were unaltered
by propranolol. Interestingly, propranolol suppressed differentiation of primary osteoclasts,
suggesting a novel direct influence of propranolol on osteoclasts in vivo. Taken together, this
work suggests combining propranolol with PTH could be beneficial to patients with extremely

low bone density.
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Introduction
The sympathetic nervous system (SNS) plays a critical role in the regulation of bone remodeling.
The SNS suppresses bone formation and promotes receptor activator of nuclear factor kappa-B
ligand (RANKL)-mediated osteoclast recruitment, resulting in low trabecular bone volume
fraction in mice (Elefteriou et al., 2005; Takeda et al., 2002). Consistent with this, tyrosine
hydroxylase, one of the enzymes involved in norepinephrine production, is present in nerves
within bone, marrow, and periosteum (Mach et al., 2002). The major adrenergic receptor
mediating downstream effects of norepinephrine appears to be the f2AR in mice (Takeda et al.,
2002). Deletion of f2AR, or treatment with the non-selective BAR antagonist (B-blocker)
propranolol, prevents bone loss in situations of stress, antipsychotic and antidepressant treatment,
and in other situations in which sympathetic signaling to bone may be elevated (Motyl et al.,
2015, 2013; Ortuno et al., 2016; Takeda et al., 2002; Yadav et al., 2009; Yirmiya et al., 2006).
The majority of studies point toward a mechanism of B2AR suppressing bone formation directly
in the osteoblast, and activating bone resorption indirectly, through the RANKL/OPG pathway
(Ducy et al., 2000; Elefteriou et al., 2005; Takeda et al., 2002). Indeed, mice with an osteoblast-
specific deletion of Adrb2 have a high bone density phenotype as adults, with increased bone
formation and reduced Rankl expression (Kajimura et al., 2011). However, some studies have
found evidence for direct effects of B2AR signaling in osteoclasts (Kondo et al., 2013; Rodrigues
et al., 2012), suggesting the downstream effects of elevated SNS activity may be more complex
than generally accepted.

Despite this complexity, identifying osteoporosis treatment strategies that modulate
sympathetic signaling remains clinically useful. B-blockers are one such class of drugs that has

been shown to reduce fracture risk and increase BMD in patients (Yang et al., 2012)(Toulis et
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al., 2014). Furthermore, rodent studies have shown that combining -blockers with teriparatide
(intermittent truncated parathyroid hormone, PTH) may further promote bone density, but any
benefit of combined treatment has not been examined in humans. Evidence from ovariectomized
mice suggests that combining PTH treatment with propranolol increases bone mineral density
beyond the levels achieved by PTH alone, and histomorphometric analyses indicated that
improvement was largely due to increased bone formation and osteoblast number (Pierroz et al.,
2006). Recent literature also suggests that PTH-induced bone formation may be at the expense of
bone marrow adiposity since osteoblasts and adipocytes arise from a common mesenchymal
progenitor (Fan et al., 2017). Furthermore, propranolol has been shown to inhibit marrow
adipocyte differentiation, which could, in turn, enhance osteogenesis (Baek et al., 2014). Despite
this, how combined PTH and propranolol treatment influences marrow adiposity remains
unknown and may be important for understanding the mechanism of improved bone formation
with combined treatment.

On a cellular level, evidence from in vitro and in vivo studies suggest that PTH efficacy is
dependent upon the presence of the B2AR. Deletion of Adrb2, the gene that encodes f2AR,
prevents the anabolic effect of intermittent PTH in young and aged mice, suggesting some 2AR
signaling is required (Hanyu et al., 2012). One mechanism of this may be through B2AR
signaling allowing G-protein By (GBy) subunit to bind endosomal PTH1R, which sustains cAMP
levels leading to enhanced mineralization in osteoblasts (Jean-Alphonse et al., 2017). cAMP
signaling, however, is not the only avenue for PTH effects to be transduced to the cell (Gesty-
Palmer and Luttrell, 2011)(Cheloha et al., 2015). PTHI1R also signals through phospholipase C
to increase Ca’" release from intracellular stores, as well as through arrestin-mediated

mechanisms (Gesty-Palmer and Luttrell, 2011)(Cheloha et al., 2015). There is an established role
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103  for intracellular Ca" signaling in the regulation of osteoblast differentiation through the

104  calmodulin/CamKII pathway regulating AP-1 and CREB/ATF4 transcription factors (Zayzafoon
105 etal., 2005). It has been shown that silencing of 4drb2 can increase pCREB (Moriya et al.,
106  2015), but it remains unknown whether combination of PTH treatment with f2AR antagonists
107  would impact these pathways.

108 To further investigate the cellular and systemic effects of co-modulation of PTHIR and
109 B2AR, we performed a series of in vitro and in vivo assays pharmacologically targeting these
110  receptors. A pharmacological approach was chosen so that any advantages of combination

111  treatments may eventually be translated to humans. Briefly, we determined that the B-blocker
112 propranolol enhanced PTH-induced Ca?* signaling in osteoblast-like cells in vitro and that the
113  combination of PTH and propranolol in vivo synergistically increased bone volume fraction in
114  the distal femur in part by increasing markers of bone formation. More striking, however, was
115  that propranolol prevented PTH-induced bone resorption, but did not impact PTH-induced

116  changes in RANKL or OPG pathway members. Finally, we identified that this effect may be
117  through direct anti-osteoclastogenic effects of propranolol. In all, these findings suggest that
118  modifications to PTH therapy that mimic outcomes from propranolol treatment, or simply

119  combining PTH with B-blockers, may be a useful approach to minimizing resorption and

120  promoting net bone accrual.

121
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122 Results

123 PTH-induced intracellular calcium signaling is enhanced by propranolol

124 To test the impact of B-blockers on PTH-induced calcium signaling in osteoblasts, we first

125  measured the concentration-dependence of the intracellular Ca*>* response to PTH in MC3T3-E1
126  cells differentiated for 7 days (Figure 1A). PTH induced a measurable Ca** signal at

127  concentrations as low as 10 nM and the peak response was observed at 1 uM. Using a log

128 transformation, we calculated the concentration with 50% of maximal excitation to be 66.64 nM.
129  Therefore, we used a concentration of 100 nM in our studies, to be within the dynamic range of
130 the concentration-response curve, but also within range of previous reports. Next, we found that
131  pre-treatment with propranolol significantly increased the intracellular Ca®" signal induced from
132 PTH (Figure 1B, C).

133 To determine whether combined PTH and propranolol treatment had any functional

134  consequence in osteoblasts, we examined gene expression after acute treatment with PTH,

135  propranolol or both. Although there were no differences in early osteoblastogenic markers Runx2
136  and Sp7 (not shown), PTH induced Osteocalcin expression (main effect of PTH p=0.016)

137  similarly in both vehicle and propranolol treated cells, although only the group treated with PTH
138 alone (no propranolol present) reached pairwise statistical significance (Figure 1D, E). Because
139 intracellular Ca®* has been shown to modulate AP-1 family transcription factors, we examined
140  gene expression of Fos. Interestingly, the PTH-induced increase in Fos was higher when

141  propranolol was present (Figure 1F), consistent propranolol promoting PTH-induced intracellular
142  Ca®' levels. One established mechanism of osteoanabolism from PTH is through increased

143  expression and autocrine signaling of IGF-1 (Esen et al., 2015). We found a significant increase

144  in Igf] expression only in the PTH and propranolol co-treated group (Figure 1G). These findings
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Figure 1. B-blocker propranolol potentiated osteoblast intracellular Ca%* and Igf1 expression. MC3T3-E1 cells
were differentiated to day 7 in osteogenic media. (A) Fluorescence ratio indicative of intracellular Ca?*
concentrations was expressed as a percentage of the maximum level. (B) Representative traces of 100 nM PTH-
induced fluorescence over time with pretreatment of vehicle, or 0.1, 1 or 10 yM propranolol. (C) Quantification of
the maximum-minimum PTH-induced Ca?* fluorescence after pretreatment with vehicle or propranolol. One
representative of three experiments (each performed in triplicate) is shown. *p<0.05 compared to vehicle-treated
(black), *p<0.05 compared to 100 nM PTH-treated (pink) by Tukey’s post-hoc test after significant one-way
ANOVA. (D-K) Gene expression of Runx2, Ocn, Fos, Igf1, Adrb1, Adrb2, Pth1r and Igf1rin MC3T3-E1 cells at day
7 after 1 hour treatment with vehicle (white), 100 nM PTH (pink), 1 uM propranolol (blue) or 100 nM PTH + 1 uM
propranolol (purple). Genes are normalized to non-modulated housekeeping gene, Hprt. Each data point
represents the mean from an independent experiment, performed in triplicate. Expression levels in vehicle-treated
cells from each experiment were set to 1. Approximate Ct values of vehicle-treated groups are shown above each
graph. Bars represent mean of the three independent experiments + SEM. *p<0.05, **p<0.01 by Holm-Sidak post
hoc test after a significant two-way ANOVA.
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145  suggest propranolol may improve bone formation from PTH through increasing intracellular
146  Ca’' signaling and promoting expression of Igf1.

147 To ensure the relevant receptors were present in MC3T3-E1 cells at day 7 of

148  differentiation, we also examined Adrb1, Adrb2, Pthilr and Igfl1r (Figure 1, H-K). Adrbl

149  expression was low and variable, but Adrb2 was more highly expressed and there was a trend
150 toward increased expression with PTH treatment. Furthermore, both Pthlr and Igf1r were highly
151  expressed and the expression levels of Pthlr also increased with PTH treatment, reaching

152  statistical significance in the propranolol treated group. Thus, co-treatment with propranolol
153  appears to promote PTH-induced Ca** flux, as well as Igf7 and Pthlr expression. It is well-

154  established that long-term PTH treatment in vitro does not model the in vivo anabolic effects of
155 intermittent PTH therapy. Therefore, to test whether these acute effects had long-term

156  consequences we moved to in vivo studies.

157

158  Propranolol improved total BMD in the presence of PTH

159  To test whether propranolol would improve PTH-induced bone formation, we treated mice with
160 either vehicle, PTH, propranolol, or PTH + propranolol from 16-20 weeks of age. Neither body
161  weight, fat mass, nor fat-free mass was altered in any of the treatment groups, suggesting that
162  any bone changes would be independent of differences in loading (Table I). As expected, PTH
163  had a significant main effect on total and femoral aBMD and aBMC (Table I). Although

164  propranolol only had a significant main effect on total aBMD, all bone parameters measured by
165 DXA were highest in the PTH + propranolol group (Table I). Interestingly, co-treatment with
166  PTH and propranolol increased total aBMD beyond that caused by PTH or propranolol alone.

167
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Table I. Body composition and areal bone parameters from mice treated with PTH and/or propranolol.

2-way ANOVA p-values

X\?zilc(:i (;ZI;II) Pro([f\;‘:;)o lol PTH -:;:i[;;‘anolol PTH Propranolol Interaction
Body Mass (g) 21.8+0.5 225+04 21.7+03 226+04 ns ns ns
Lean Mass (g) 17.4 £ 0.4 17.9+0.3 18.0+£0.3 179+ 0.3 ns ns ns
Fat Mass (g) 2.6+0.1 25+0.2 26+02 27+£0.2 ns ns ns
Total aBMD (g/cm?) 0.0527 £ 0.0003  0.0544 + 0.0004**  0.0535+ 0.0004  0.0559 + 0.0003"## <0.01 <0.01 ns
Femur aBMD (g/cm?) 0.0620 £ 0.0006  0.0655+0.0008  0.0628 £0.0016  0.0678 = 0.0008## <0.01 ns ns
Total aBMC (g) 0.438 + 0.006 0.463 + 0.006 0.444 + 0.007 0.475 + 0.009# <0.01 ns ns
Femur aBMC (g) 0.0097 £0.0002  0.0102+0.0003  0.0093 £0.0003  0.0105 £ 0.0002## <0.01 ns ns

*p<0.05, **p<0.01 compared to vehicle group.
p<0.05, p<0.01 compared to PTH group.
#p<0.05, ##p<0.01 compared to propranolol group.
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168  PTH and propranolol had site-specific effects on trabecular bone microarchitecture

169  To investigate the impact of PTH and propranolol treatment on bone microarchitecture, we

170  performed pCT on L5 vertebrae and femurs. Propranolol and PTH both independently improved
171  trabecular BV/TV of the LS5 vertebra, but the combination of PTH and propranolol improved
172 BV/TV and BMD above and beyond that of either treatment alone (Figure 2). This is likely due
173  to a combined effect of increased trabecular thickness and increased trabecular number, the latter
174  of which was only significantly increased by PTH when propranolol was present. Consistent
175  with this, PTH and propranolol together significantly reduced BS/BV ratio compared to

176  propranolol alone (Figure 2).

177 In the distal femur, we focused our examination of PTH and propranolol effects on two
178  distinct sites, the primary and secondary spongiosa (Figure 3). In the secondary spongiosa, PTH
179  increased Tb. BV/TV, BMD, and Conn.D and these parameters were all increased further by
180 combined treatment with propranolol (Figure 3B-D). Although some parameters (Tb.N, Tb.Th,
181  Tb.Sp, and BS/BV) were not altered by PTH alone, the combination reduced SMI, Tb.Sp, and
182  BS/BV, while significantly increasing Tb.N and Tb.Th (Figure 3E-I). The primary spongiosa
183  also had striking changes from PTH, including increased BV/TV, BV and BMD (Figure 3J-L),
184  but these were not exacerbated or diminished by combination PTH and propranolol treatment.
185  Tissue mineral density (TMD), a measurement of the density of the bone itself (not including any
186  marrow), was suppressed with PTH treatment, suggesting that mineral deposition may be

187  compromised (Figure 3M). Interestingly, however, propranolol significantly elevated TMD in
188  PTH-treated mice such that is was not different from vehicle-treated (Figure 3M). This indicates
189  the quality of mineralization in the primary spongiosa during combination PTH and propranolol

190 treatment may be improved compared to PTH alone.

10
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Figure 2. Propranolol improved the positive effects of PTH on trabecular bone in the L5 vertebrae. Mice were
treated with vehicle (white), 80 ug/kg PTH (light blue), 0.5 mg/ml propranolol (gray), or PTH and propranolol (dark
blue) for 4 weeks, from 16-20 weeks of age. (A) Representative uyCT images from L5 vertebrae. (B-G) Trabecular
bone volume fraction (Tb. BV/TV), bone mineral density (BMD), number (Tb.N), thickness (Tb.Th), separation
(Tb.Sp), and bone surface/bone volume (BS/BV). Bars represent mean +/- standard error. *p<0.05, **p<0.01 by
Holm-Sidak post hoc test after a significant two-way ANOVA.
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Figure 3. Trabecular bone in the femur secondary spongiosa is enhanced by combination
PTH and propranolol treatment. Mice were treated with vehicle (white), 80 ug/kg PTH (light
blue), 0.5 mg/ml propranolol (gray), or PTH and propranolol (dark blue) for 4 weeks, from
16-20 weeks of age. (A) Representative 2D (top) and 3D (bottom) images of trabecular
micro architecture in the primary and secondary spongiosa of the distal femur. (B-I)
Trabecular microarchitectural parameters from the secondary spongiosa. (J-K) Volumetric
and densitometric measurements from the primary spongiosa. Bars represent mean +/-
standard error. *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001 by Holm-Sidak post hoc test
after a significant two-way ANOVA.
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191

192 Cortical bone microarchitecture

193  PTH significantly increased cortical area (Ct.Ar) and polar moment of inertia (pMOI) in the
194  femur midshaft, but did not significantly impact marrow area (Ma.Ar), total area (Tt.Ar), cortical
195  thickness (Ct.Th), tissue mineral density (TMD) or porosity (Figure 4 A-H). Although

196  propranolol treatment did not impact these parameters on its own, propranolol significantly

197  improved the effect of PTH on the cortical bone such that Ct.Ar, Ct.Ar/Tt.Ar, Ct.Th and TMD
198  were elevated in the PTH + propranolol group compared to propranolol alone (Figure 4A, D, E,
199 and F). The increased Ct.Ar/Tt.Ar with combination treatment is most likely due to a reduction
200 in Ma.Ar, because Tt.Ar was clearly unchanged (Figure 4B-D).

201

202  Propranolol promoted bone formation in PTH-treated mice.

203  To determine whether co-treatment with propranolol modulated the effect of PTH on bone

204  formation, we performed serum, histomorphometric, and mRNA analyses to evaluate bone

205 remodeling activity. As expected, PTH increased the serum marker of bone formation, PINP,
206  and this was further increased by co-treatment with PTH and propranolol (Figure 5A).

207  Histomorphometric analyses in the L5 vertebrae indicated a significant effect of PTH by 2-way
208 ANOVA on MAR and BFR parameters (Figure 5B, C). Similarly, osteoblast parameters were
209 elevated by PTH, but were not significantly modulated by the combination with propranolol.
210 However, propranolol did not have a significant main effect on these parameters (except to

211  decrease the N.Ob/B.Pm) and, when combined with PTH, did not increase these indices beyond
212 the level of PTH alone (Figure 5B, C). Propranolol did, however, reduce the amount of OS/BS in

213 PTH-treated mice (Figure 5C).
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Figure 4. Propranolol improved cortical thickness and density in PTH-treated mice. Mice were treated with
vehicle (white), 80 ug/kg PTH (light blue), 0.5 mg/ml propranolol (gray), or PTH and propranolol (dark blue)
for 4 weeks, from 16-20 weeks of age. (A-H) Cortical bone microarchitectural parameters, cortical area
(Ct.Ar), marrow area (Ma.Ar), total area (Tt.Ar) cortical area fraction (Ct.Ar/Tt.Ar), cortical thickness (Ct.Th),
cortical tissue mineral density (Ct.TMD), cortical porosity, and polar moment of inertia (pMOI) were analyzed
at the midshaft of the femur. Bars represent mean +/- standard error. *p<0.05, **p<0.01 by Holm-Sidak post
hoc test after a significant two-way ANOVA.
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Figure 5. Propranolol improved bone formation markers in PTH-treated mice. Mice were treated with vehicle (white),
80 ug/kg PTH (light blue), 0.5 mg/ml propranolol (gray), or PTH and propranolol (dark blue) for 4 weeks, from 16-20
weeks of age. (A) Serum P1NP was measured by ELISA. (B-C) Static and dynamic histomorphometry
representative images and quantification of architectural, bone formation and osteoblast parameters measured in L5
vertebrae. (D-H) Gene expression of markers of bone formation and osteoblast maturity were analyzed in the tibia
and normalized by the non-modulated housekeeping gene, Hprt. Bars represent mean +/- standard error. *p<0.05,
**p<0.01 by Holm-Sidak post hoc test after a significant two-way ANOVA.
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214 In general, these findings contrast the serum P1NP finding. Therefore, we examined
215 mRNA markers of osteoblastogenesis and osteocyte maturation in the tibia. Although we did not
216  see significant differences in Runx2, Collal, or Osteocalcin expression (Figure SD-F), we did
217  observe differences in late osteoblast and osteocyte markers. First, dentin matrix acidic

218  phosphoprotein 1 (Dmp1) expression was increased with PTH treatment, but there was also a
219  significant interaction (p=0.01) such that PTH-induced Dmp expression was higher in the

220  propranolol treated group, while propranolol alone had no effect in the absence of PTH (Figure
221 5QG). Surprisingly, intermittent treatment with PTH induced Sos¢ expression, in contrast to

222 previously reported effects with chronic elevation, and Sost was elevated to a greater degree in
223 propranolol treated mice (Figure SH) (Bellido et al., 2005). Although serum PINP is elevated,
224  changes in bone formation (histological and mRNA-based) do not convincingly explain the

225 improved BV/TV in mice treated with PTH and propranolol.

226

227  Bone marrow adipocytes

228  Recent studies have suggested PTH may suppress bone marrow adipose tissue (BMAT) as a
229  means or consequence of promoting bone formation. Although marrow adipocyte size was not
230 influenced by PTH, there was a significant interaction effect (p<0.05) of PTH and propranolol in
231 both adipocyte volume / total volume (AV/TV) and adipocyte number parameters. In particular,
232 PTH tended to reduce marrow adipocyte numbers in mice not treated with propranolol (p=0.08)
233 but this effect was blunted in propranolol-treated mice (Figure S1).

234

235  PTH-induced osteoclast differentiation and activity was blocked by propranolol
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236  Consistent with the known effect of PTH to increase resorption, PTH increased expression of
237  Ctsk and Trap5, as well as the serum protein levels of the resorption marker CTx (Figure 6A-C).
238 Interestingly, propranolol prevented the PTH-induced increase in 7rap5 expression and serum
239  CTx, suggesting propranolol prevents PTH-induced resorption (Figure 6B, C). Consistent with
240 the literature, histomorphometry indicated that PTH increased the number of osteoclasts

241 (N.Oc/T.Ar, Figure 6D). Propranolol alone did not have any impact on the number of osteoclasts
242 or the other osteoclast parameters (Figure 6D). When combined, however, the number of

243 osteoclasts (N.Oc/B.Pm and N.Oc/T.Ar) and the osteoclast surface fraction (Oc.S/BS) was lower
244  in mice treated with PTH and propranolol compared to those treated with PTH alone (Figure

245  6D), interaction p<0.02). Notably, the PTH-induced increase in N.Oc/T.Ar was completely

246  blocked by co-treatment with propranolol (p<0.01, Figure 6D). All three lines of evidence related
247  to osteoclasts (serum, mRNA, and histomorphometry) point toward a strong effect of propranolol
248  to reduce PTH-induced bone resorption.

249 Propranolol can centrally suppress sympathetic activity, therefore we measured

250 norepinephrine (NE) levels in serum as well. While neither PTH nor propranolol independently
251  modulated NE, the combination treatment resulted in significantly lower circulating NE

252  compared to PTH alone (Figure 6E), suggesting a systemic lowering of sympathetic signaling by
253  propranolol might be responsible for the suppressed resorption. Because the current

254  understanding of the mechanism of NE signaling-induced osteoclastogenesis is through the

255  modulation of receptor activator of nuclear factor kappa-B ligand (Rankl) expression in the

256  osteoblast, we measured circulating RANKL and found that, to our surprise, propranolol had no
257  effect on PTH-induced RANKL levels (Figure 6F). Furthermore, although PTH induced Rank/

258  gene expression in cortical bone as expected, propranolol did not have any blunting effect on
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259  Rankl (Figure 6G), but did lower Opg (Figure 6H), suggesting other mechanisms were

260 responsible for the reduced osteoclast numbers and CTx levels in PTH and propranolol treated
261  mice.

262

263  Propranolol directly inhibits osteoclast differentiation and function

264  Because propranolol blocked resorption in vivo without modulating the RANKL/OPG pathway
265 members we examined, we hypothesized that osteoclasts may respond directly to propranolol.
266  We first accessed publicly available microarray data from RAW264.7 cells treated for 48 hours
267  with RANKL and vehicle. The detection levels of Adrbl and Adrb3 were only slightly higher or
268  equivalent to those of Bglap and Mcsf, which are not expressed in osteoclasts, suggesting Adrb1
269  and Adrb3 had little to no detectable expression (Figure 7A). Adrb2 was detected at a higher
270 level, comparable to the amount of Ctsk before RANKL addition. However, Adrb2 levels were
271  not as high as other classically expressed osteoclast genes (Cfms, Nfatl), and were not changed
272 with RANKL addition (Figure 7A). Next, we examined mRNA levels of adrenergic receptors in
273  bone marrow cells differentiated to osteoclasts in our hands (Figure 7B). Consistent with the
274 RAW264.7 cell data, Adrb2 was more highly expressed (Ct values are lower) than Adrbl (Figure
275  7B).

276 BARs have some agonist-independent signaling, and -blockers can act as inverse

277  agonists to reduce this signaling, so we treated primary bone marrow cells with propranolol

278  while undergoing osteoclast differentiation. We examined the influence of 0.1, 1.0 and 10 uM
279  propranolol at day 7, when osteoclast differentiation has plateaued. In a concentration-dependent
280 manner, propranolol significantly reduced the number of multinucleated TRAP-positive cells

281  (Figure 7C, D), as well as reduced the hydroxyapatite area resorbed (Figure 7E, F). To ensure
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Figure 7. Osteoclast differentiation is impaired with propranolol treatment in vitro. (A) Publicly available
microarray data from GEO, including Adrb1, 2 and 3, as measured in RAW264.7 cells after 48-hour
treatment with vehicle or RANKL. n=3/group. **p<0.001 by Student’s t-test. (B) Expression levels of
Adrbl and Adrb2 in primary bone marrow-derived osteoclasts. n=3. (C) Representative images of TRAP-
stained osteoclasts that were differentiated in the presence of vehicle or 0.1, 1, or 10 uM propranolol. (D)
One representative of four independent experiments where TRAP positive osteoclasts were counted in
96-well plates. (E) Representative OsteoAssay Surface plates stained for phosphate with a Von Kossa
stain. White areas indicate surface that was resorbed by osteoclasts. (F) Quantification of three
independent experiments, where the vehicle control for each was set to 100%. (D and F) *p<0.05,
*p<0.01, ***p<0.0001 by Tukey’s post hoc test after a significant one-way ANOVA. (G) Time course of
primary bone marrow-derived osteoclast differentiation in the presence of vehicle or 1 uM propranolol.
N=8 replicates per time point. *p<0.05 by Holm-Sidak post hoc test after a significant two-way ANOVA.
(H-M) Gene expression normalized to housekeeping gene Hprt in primary osteoclasts treated with
vehicle or indicated concentrations of propranolol. n=3 independent experiments with the vehicle
control from each experiment set to 1. (H-M) *p<0.05, **p<0.01, ***p<0.0001 by Tukey’s post hoc test

after a significant one-way ANOVA. Bars represent mean +/- standard error.
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282  that we were targeting an appropriate time point, we tested how 1.0 uM propranolol influenced
283  differentiation over time. Between days 5 and 6, there was a large increase in the number of
284  multinucleated, TRAP-positive osteoclasts, and this was attenuated with 1 uM propranolol

285  (Figure 7G). The difference between vehicle and propranolol treated number of osteoclasts
286  remained significant at day 7.

287 Expression of Adrbl and Adrb2 were unchanged with increasing concentrations of

288  propranolol (Figure 7H, 1). Rank, Rela, Fos and Nfatcl, genes involved with osteoclast

289  differentiation at earlier stages, were not affected by treatment with propranolol (Figure 7J and
290 not shown). However, consistent with the staining and resorption assays, propranolol dose-
291  dependently reduced gene expression of several key mid- to late-stage osteoclastogenic genes
292  and markers, including, Fami02a, Ctsk, and Trap5 (Figure 7K-M), although Ctsk was too

293  variable to be called significant. Taken together, these findings suggest that propranolol directly
294  suppresses later stage osteoclast differentiation and function via B2AR.

295
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296  Discussion

297  Here we show that propranolol and intermittent PTH co-treatment causes an improvement in
298  bone microarchitecture that exceeds that seen in intermittent PTH treatment alone, which is

299  consistent with previous co-treatment studies (Pierroz et al., 2006). We add to this, however, the
300 novel findings that propranolol enhances tissue mineral density, which may be through

301 promoting Ca** signaling pathway in osteoblasts. We are also the first to show that propranolol
302 prevents PTH-induced resorption and that this may be through direct inhibition of osteoclast
303 differentiation. In the absence of B-blockers, intermittent PTH treatment promotes both bone
304 formation and resorption, which could be of concern to individuals with severely lowered bone
305  density and/or high levels of resorption. Intracortical remodeling, which may lead to fracture, has
306  been associated with serum PTH levels in humans, as well as with daily intermittent PTH

307 treatment in rabbits (Osima et al., 2018; Zebaze et al., 2017). Nonetheless, PTH is very effective
308 at building new bone, so bone loss that occurs from heightened resorption needs to be weighed
309  against its anabolic activity. Our findings suggest that combining PTH with propranolol or other
310 PB-blockers may be an attractive option to prevent unwanted bone loss in patients with very low
311 BMD.

312 The mechanism of propranolol action on bone to prevent resorption is likely in part

313  through direct effects of propranolol on osteoclasts. Neither PTH-induced serum RANKL nor
314  Rankl gene expression was suppressed by propranolol, despite clear improvement in trabecular
315  microarchitecture of the distal femur and the suppressed markers of resorption. The majority of
316  publications point toward osteoblast expression of RANKL as being the major mediator in the
317  effects of the sympathetic nervous system on osteoclasts (Elefteriou et al., 2005; Kajimura et al.,

318 2011). However, our findings suggest that this is not the same mechanism through which
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319  propranolol blocks resorption. In studies examining the osteoblast-mediated mechanism of SNS-
320 induced bone loss, some experiments suggested no effect of Adrb2 in osteoclasts. For example,
321  Elefteriou et al. elegantly showed that the non-specific BAR agonist isoproterenol only induces
322  osteoclast differentiation in osteoblast and bone marrow macrophage (BMM) co-cultures when
323  wildtype but not Adrb2”" osteoblasts are present (Elefteriou et al., 2005). Similarly, the effect of
324  isoproterenol to induce osteoclast differentiation is not dependent upon the genotype of the

325 BMMs (Elefteriou et al., 2005). These data, in combination with findings from models with

326  osteoblast-specific deletions of Adrb2, have led to the generally accepted tenet that osteoblasts
327  are the sole mediators of the SNS effect on bone, including the mediators of osteoclast

328  recruitment (Kajimura et al., 2011).

329 There is a relative scarcity of literature examining the effects of B-adrenergic signaling
330 directly in osteoclasts. Rodrigues, et al. showed that propranolol prevented osteoclastogenesis of
331 RAW 264.7 cells through suppression of NFATc1 protein expression, as well as later markers of
332 differentiation: Acp3, Ctsk, and Mmp9 (Rodrigues et al., 2012). This suggests a role for BAR
333  signaling in controlling NFATc1, which is under the control of calcium-calmodulin and

334  calcineurin signaling. Kondo, et al. demonstrated that isoproterenol enhanced osteoclastogenesis
335 in bone marrow macrophages and RAW 264.7 cells by increasing reactive oxygen species

336 (Kondo et al., 2013). Our findings are more aligned with these reports because we show

337  expression of Adrb2 in primary bone marrow-derived osteoclasts, as well as a direct effect of
338 propranolol to suppress osteoclast differentiation. Although this is consistent with the other in
339  vitro reports, this mechanism remains to be established in vivo.

340 Despite the paucity of literature relating to the effects of the SNS in osteoclasts directly,

341 there is extensive evidence that Adrb2 is expressed in other cells of the myeloid lineage and that
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342  the SNS plays a role in their function (De Angelis et al., 2019). Indeed, the SNS is important for
343  the innate immune response required for tissue repair but can be pathologically activated during
344  certain conditions, such as in heart failure. -blockers are a common therapeutic for heart failure
345  and they work in part by reducing inflammatory cytokine levels (De Angelis et al., 2019).

346  Systemic suppression of inflammation may also be an interesting, yet unexplored, avenue to
347  investigate the mechanism of efficacy of B-blockers in improving BMD, especially with regards
348  to resorption.

349 In contrast to our findings, global knockout of B2AR prevents any anabolic action of
350 PTH by preventing the PTH-induced increase in mineral apposition and osteoclast number

351 (Hanyuetal., 2012). Although these findings are paradoxical in some sense, they suggest that a
352  basal level of B2-adrenergic signaling in bone may be required for PTH action. It is also clear
353  that pharmaceutical inhibition of f2AR with propranolol is mechanistically distinct from the
354  disruption of signaling through genetic deletion. Propranolol can act as an inverse agonist,

355  meaning it has effects inhibitory toward cAMP signaling even when no agonist is present,

356  reducing spontaneous B2AR receptor activity (Baker, 2003). Furthermore, propranolol also binds
357  to the lesser expressed B1AR and is known to have non-specific effects, including acting as a
358 weak antagonist to some serotonin receptors, which could, in turn, impact bone remodeling

359  (Sozzani et al., 1992; Tinajero et al., 1993).

360 Moriya et al. showed that 4drb2 knockdown enhances PTH-induced phosphorylation of
361 CREB, suggesting a suppressive function of B2AR on PTH action (Moriya et al., 2015). This is
362  consistent with our findings that PTH effects in osteoblasts are enhanced with pharmacological
363  PB2AR inhibition. Some intracellular scaffolding proteins, such as members of the Na™/H"

364  exchange regulatory cofactor (NHERF) family, selectively promote coupling of the PTHIR to
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365  the Gag-PLC-P signaling pathway(Cheloha et al., 2015). NHERF also couples f2AR to the

366  cytoskeleton, and agonist binding causes uncoupling from the cytoskeleton (Wheeler et al.,

367  2007). It is unknown, however, whether propranolol might uncouple f2AR from NHERF, G
368 proteins and/or the other signaling components, which could lead to the enhanced PTH-induced
369  Ca*' flux (Figure 1B, C). Nonetheless, we observed enhanced Igf! expression after co-treatment
370 in osteoblasts, which has previously been shown work in an autocrine manner to stimulate

371  aerobic glycolysis in osteoblasts in response to PTH-treatment at 6 hours (Esen et al., 2015). In
372  our hands, elevation of /gfI after 1 hour of propranolol treatment suggests an acceleration of this
373  timetable, which may lead to the improved PTH effect on bone formation and tissue mineral
374  density that we observed in vivo.

375 TMD in the primary spongiosa was significantly higher with PTH and propranolol co-
376  treatment compared to PTH alone (Figure 3M). A similar trend was seen with cortical TMD

377  (Figure 4F) as well as total areal BMD assessed by DXA (Table I). Serum PINP also indicated
378  global increases in bone formation with the combined treatment (Figure 5A), but this was not
379  observed in dynamic histomorphometric measurements of mineral apposition or bone formation
380 in the trabecular bone of the L5 vertebra (Figure 5C). However, gene expression in cortical bone
381  of the tibia suggested more mature osteoblasts/osteocytes (Figure 5G, H), indicating that

382  propranolol may have site-specific effects. Further studies investigating the mineral properties of
383  bone exposed to both PTH and propranolol would be necessary to determine if this combination
384  of treatments may improve strength in patients and animal models.

385 Clinical literature suggests that -blockers prevent bone loss and reduce fracture risk in
386  humans. Yang et al. reported that B-blocker use was associated with a 17% decrease in risk of

387  fractures (Yang et al., 2012). Toulis et al. analyzed 16 studies involving over 1.5 million subjects
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388 and found that the risk of fracture was significantly reduced (by 15%) in subjects receiving -
389  blockers as compared to control subjects, independent of sex, fracture site, or dose (Toulis et al.,
390 2014). In contrast to what is the apparent mechanism in rodent models, B1-selective blockers
391  were found to be more effective at reducing fractures than non-selective B-blockers (i.e.

392  propranolol). More recently, when evaluating adrenergic receptor mRNA expression in human
393  bone biopsies, Khosla et al. found that ADRB1 and ADRB2, but not ADRB3, were expressed in
394  human bone (Khosla et al., 2018). Additionally, patients treated with B1-selective blockers had
395  better bone microarchitecture by quantitative computed tomography (qCT) than non-users, had
396 reduced CTx levels compared to placebo-treated patients, and had increased BMD at the

397  ultradistal radius, but these results were not seen in propranolol (non-selective -blockers)

398 treated patients. Overall, this data suggests that f1-selective blockers are more protective against
399  decreased BMD and increased risk of fracture than non-selective B-blockers. Whether the

400 perceived difference between rodents and humans is due to B1 AR being understudied in rodent
401 models or due to an actual species-specific difference in the relative importance of B1AR vs

402  B2AR in bone remains unclear.

403 Our findings reinforce the work of others suggesting that B-blockers, which are routinely
404  used clinically, may be an effective treatment or co-treatment for osteoporosis. Importantly, here
405  we showed that propranolol prevented resorption without modulating PTH-induced RANKL,
406  suggesting that the current understanding of the mechanism of B-blocker and sympathetic

407  nervous system action on bone is incomplete. Investigating the mechanisms of these effects,

408  whether through modulating osteoblast function or osteoclasts directly, will be necessary for the
409  accurate interpretation of clinical and preclinical studies examining how the sympathetic nervous

410  system modulates bone homeostasis and contributes to bone pathologies.
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411  Methods

412  Osteoblast assays

413  MC3T3-El1 (clone 4) cells were purchased from ATCC and maintained at a low passage number
414  in o-MEM containing 1% penicillin streptomycin (P/S) and 10% fetal bovine serum (FBS). For
415  calcium assays, cells were plated overnight in 96-well black wall plates at a density of 5x10*
416  cells/well. Cells were then differentiated for 7 days with ascorbic acid and B-glycerophosphate as
417  previously described (Motyl et al., 2017). PTH (H-1660, Bachem) was aliquoted and stored in
418  glass vials at -70°C as a 10 M stock in 4 mM HCI supplemented with 0.1% bovine serum

419  albumin. PTH was thawed and diluted immediately prior to use. Propranolol hydrochloride

420 (P0884, Sigma-Aldrich) was dissolved in 1x HBSS buffer containing 20 mM HEPES for each
421  experiment. Calcium assays were performed with the FLIPR Calcium 6 Assay Kit (Molecular
422  Devices) according to the manufacturer’s protocol. In brief, on day 7 of differentiation, cells
423  were incubated with calcium dye for two hours at 37°C and 5% CO:. Then, fluorescence was
424  measured on a FlexStation 3 Multi-Mode Microplate Reader using SoftMax Pro 7 software

425  (Molecular Devices) in kinetic mode in response to additions of a range of concentrations of
426  PTH. Change in relative fluorescence units (maximum — minimum) is indicative of intracellular
427  calcium (iCa?") levels. Concentration-dependent change in max-min value was plotted on a

428 logarithmic scale and fit with a 4-parameter logistic curve to calculate the ECso. In some

429  experiments, calcium dye incubation was concurrent with pretreatment with propranolol.

430  Additional 24-well plates were treated simultaneously with PTH and propranolol for 1 hour,
431  without the Calcium 6 reagents, and were saved for mRNA analyses.

432

433  Mice and drug treatment
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434  Sixteen-week-old C57BL/6J (Jackson Laboratories, Bar Harbor, ME) female, intact mice

435  underwent baseline body weight measurements and were randomly assigned to one of four

436  treatment groups. Female mice were chosen because of their higher propensity to have an

437  anabolic response to intermittent PTH. Mice were treated with either vehicle, PTH, propranolol
438  or both PTH and propranolol. PTH aliquots were generated as above and thawed and diluted in
439  0.9% saline immediately prior to injection. Vehicle and PTH (80 pg/kg) were administered by
440  subcutaneous injection five days per week for four weeks. Propranolol hydrochloride oral

441  solution (West-Ward Pharmaceuticals) was dissolved in drinking water at a concentration of 0.5
442  mg/mL and was delivered daily for four weeks to animals in the propranolol and PTH +

443  propranolol groups as described (Motyl et al., 2015). At 20 weeks-of-age, mice were sacrificed
444  one hour after treatment and tissues were either fixed in 10% buffered formalin or snap-frozen in
445  liquid nitrogen and stored at -70°C. A similar study was conducted with just 5 days of treatment
446  to obtain additional samples for some mRNA and serum analyses and are identified in the figure
447  legends.

448

449  Dual-energy X-ray absorptiometry (DXA)

450  Mice underwent DXA measurements at baseline and at 20 weeks of age for fat-free mass, fat
451  mass, bone mineral density, and bone mineral content using the PIXImus dual-energy X-ray
452  densitometer (GE-Lunar, Madison, WI). The instrument was calibrated daily with a mouse

453  phantom provided by the manufacturer. Mice were anesthetized with isoflurane and placed

454  ventral side down with each limb and tail positioned away from the body. Full body scans were

455  obtained, and X-ray energy absorptiometry data were gathered and processed with manufacturer-
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456  supplied software (Lunar PIXImus 2, version 2.1). The head was specifically excluded from all
457  analyses due to concentrated mineral in skull and teeth.

458

459  Micro-computed tomography (WCT)

460 A high-resolution desktop micro-tomographic imaging system (uCT40, Scanco Medical AG,
461  Bruttisellen, Switzerland) was used to assess the microarchitecture of the fifth lumbar (L5)

462  vertebral body and the femur in accordance with published guidelines (Bouxsein and Boyd,

463  2010). All analyses were performed using the Scanco Evaluation software.

464 In the L5 vertebra, scans were acquired using a resolution of 10 um?, 70 kVp peak x-ray tube
465  potential, 114 mA x-ray tube current, 200 ms integration time, and were subjected to Gaussian
466 filtration and segmentation. The endocortical region of the vertebral body was manually selected
467  beginning 100 pm inferior to the cranial growth plate and extending to 100 um superior to the
468  caudal growth plate. Trabecular bone was segmented from soft-tissue using a threshold of 460
469 mgHA/cm®. Measurements included trabecular bone volume fraction (Tb.BV/TV, %), trabecular
470  thickness (Tb.Th, mm), trabecular number (Tb.N, mm™), trabecular separation (Tb.Sp, mm),
471  connectivity density (Conn.D, mm™), and trabecular bone mineral density (Tb.BMD,

472  mgHA/cm?®).

473 To address microarchitecture in the primary and secondary spongiosa of the distal femur and
474  the cortical bone of the femur midshaft, scans were acquired with the same parameters used for
475  the L5 vertebrae. The primary spongiosa region of interest started at the peak of the distal growth
476  plate and extended proximally for 500 um (50 transverse slices) and included the whole cross-
477  section of the bone. The secondary spongiosa region of interest started immediately superior to

478  the primary spongiosa region and extended 1500 um (150 transverse slices) proximally and
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479  included the endocortical region of the bone. In both regions, bone was segmented from soft-
480 tissue using a mineral density threshold of 460 mgHA/cm?. Trabecular bone in the endocortical
481  area of the secondary spongiosa region was analyzed for bone volume fraction (Tb.BV/TV, %),
482  trabecular thickness (Tb.Th, mm), trabecular number (Tb.N, mm"), trabecular separation (Tb.Sp,
483  mm), connectivity density (Conn.D, mm™), and trabecular bone mineral density (Tb.BMD,

484  mgHA/cm?®). The bone in the primary spongiosa was analyzed for bone volume, total volume,
485  and bone mineral density.

486 Cortical bone architecture was analyzed in a 500 um long region at the femoral mid-

487  diaphysis (55% of the total femur length inferior to the top of the femoral head). Cortical bone
488  was segmented from soft tissue using a threshold of 700 mgHA/cm?. Measurements included
489  cortical bone area (Ct.Ar, mm?), total cortical cross-sectional area (Tt.Ar, mm?), cortical bone
490 area fraction (Ct.Ar/Tt.Ar, %), cortical thickness (Ct.Th, mm) and cortical porosity (%).

491

492  Histology and Histomorphometry

493  Tibiae were fixed in 10% neutral-buffered formalin and transferred to 70% ethanol after 24
494  hours. Samples were decalcified, paraffin-embedded, sectioned, and stained with hematoxylin
495  and eosin. Adipocyte size and number in the marrow in the region of the secondary spongiosa
496  were analyzed with BIOQUANT OSTEO software (BIOQUANT Image Analysis Corporation,
497  Nashville, TN). Total adipocyte area was divided by total area (marrow plus trabecular bone) in
498  the secondary spongiosa and multiplied by 100 to calculate adipocyte volume / total volume
499  (AV/TV). Adipocyte number was normalized to the total area measured.

500 Vertebrae were fixed in 10% neutral-buffered formalin and transferred to 70% ethanol

501  after 24 hours. The fixed lumbar vertebrae (L2-L5) were dehydrated with acetone and embedded
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502  in methylmethacrylate. Undecalcified 4-pm-thick sections were obtained by microtome and

503  stained with Von Kossa method for showing the mineralized bone. The consecutive second

504  section was left unstained for the analysis of fluorescence labeling and the third section was

505  stained with 2% Toluidine Blue (pH 3.7) for the analysis of osteoblasts, osteoid, and osteoclasts.
506  The bone histomorphometric analysis was performed in the lumbar vertebra under 200X

507 magnification in a 1.35 mm high x 1.3 mm wide region where was located 400 pm away from
508 the upper and lower growth plate using OsteoMeasure analyzing software (Osteometrics Inc.,
509  Decatur, GA), in accordance with published guidelines (Dempster et al., 2013). The structural
510 parameters (BV/TV, Tb.Th, Tb.N, and Tb.Sp) were obtained by taking an average from two
511  different analysis of consecutive sections. The structural, dynamic and cellular parameters were
512  calculated and expressed according to the standardized nomenclature (Dempster et al., 2013).
513

514  Enzyme Immunoassays

515  Serum concentrations of amino-terminal propeptide of type 1 procollagen (P1NP), cross-linked
516  C-telopeptide (CTx) and TNF-related activation-induced cytokine (RANKL) were measured
517  with the Rat/Mouse PINP enzyme immunoassay (EIA), RatLaps EIA (both from

518 Immunodiagnostic Systems, Scottsdale, AZ), and the Quantikine ELISA Mouse

519 TRANCE/RANKL/TNSFSF11 Kit (R&D Systems, Minneapolis, MN). The intraassay variations
520 were 6.3%, 6.9% and 4.3%, and the interassay variations were 8.5%, 12% and 6.9% respectively.
521  All measurements were performed in duplicate.

522

523  RNA isolation and real-time PCR (qPCR)
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524  Total RNA was isolated from whole tibia and cortical shell using the standard TRIZOL (Sigma,
525  St. Louis, MO) method. Total RNA from cells was isolated using an RNeasy Mini Kit (Qiagen).
526  c¢DNA was synthesized using the High Capacity cDNA Reverse Transcriptase Kit (Applied

527  Biosystems, Foster City, CA) according to the manufacturer’s instructions. mRNA expression
528 analysis was performed using an iQ SYBR Green Supermix or Tagman Gene Expression Assays
529  with an 1Q5 thermal cycler and detection system (Bio-Rad, Hercules, CA). Hypoxanthine

530 guanine phosphoribosyl transferase (Hprt) was used as an internal standard control

531  gene(Vengellur and LaPres, 2004). Primer sequences are listed in the supplemental information
532  (Table S1).

533

534  Norepinephrine extraction and measurements

535 A volume of 20 uL of serum was combined with 100 uL of HPLC grade acetonitrile and vortex
536  mixed for two minutes. Subsequent to centrifugation at 14000 rpm for five minutes, the

537  supernatant was transferred to a 96-well plate for liquid chromatograph tandem mass

538  spectrometry (LC/MS-MS) analysis. A calibration curve was formed in mouse plasma from

539  0.305-2500 nM by serial dilution and extracted via the same methodology. An Agilent 1200

540  system consisting of a binary pump, column compartment and autosampler was used for solvent
541  delivery and sample introduction. Chromatographic separation was performed on a Phenomenex
542  Hydro RP 2.0 x 150 mm 4 um column via a gradient using 0.1% formic acid in water (A) and
543  0.1% formic acid in acetonitrile (B). Gradient elution was 98% A from 0-1 minute, ramping to
544  50% A from 1.1 to 3.0 minutes, holding at 50% until 5.5 minutes, with re-equilibration at initial
545  conditions from 5.6 to 7.5 minutes. The flow rate was 0.30 mL/min, and column temperature was

546  30°C. Detection of norepinephrine was obtained using an Agilent 6460 triple quadrupole mass
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Table SI. qPCR primer information.

Catalog

Target Gene Source/Supplier Sequence Number Reference
Qiagen . 330001,
AdrbI 1 e rmantown, MD) Not provided PPMO5035A | VA
Qiagen . 330001,
Adrb2 (Germantown, MD) Not provided PPMO04265A N/A
; i Forward: 5'-TCG TGG CTT CTC TGG TCT C-3'
Collal Primer Design N/A N/A
(Southampton, UK) Reverse: 5'-CCG TTG AGT CCG TCT TTG C-3'
) Forward: 5°-GCA GAG GTG TGT ACT ATG-3’
Ctsk IDT (Coralvile, IA) N/A N/A
Reverse: 5’-GCA GGC GTT GTT CTT ATT-3’
. Forward: 5'-TCG CTG AGG TTT TGA CCT TGT-3' (Motyl et
Dmpl IDT (Coralvile, 1A) N/A
Reverse: 5'-CTC ACT GTT CGT GGG TGG TG-3' al., 2015)
) Forward: 5'-GCG TGG AAT TCG ATG AAA TCA-3' (Li et al.
Fabp4 IDT (Coralvile, 1A) N/A ’
Reverse: 5-CCC GCC ATC TAG GGT TAT GA-3’ 2003)
Qiagen . 330001,
Fos (Germantown, MD) Not provided PPM02940C N/A
Forward: 5'-AAG CCT AAG ATG AGC GCA AG-3' (Vengellur
Hprt IDT (Coralvile, IA) N/A and
Reverse: 5-TTA CTA GGC AGA TGG CCA CA-3' LaPres,
2004)
- i Forward: 5’-GAC CGA GGG GCT TTT ACT TC-3’
Iefl Primer Design N/A N/A
(Southampton, UK) Reverse: 5'TGC TTT TGT AGG CTT CAG TGG-3’
) Forward: 5> GAAGAAGATCATCCAAGACATTGAC-3’ (Irwin et
Opg IDT (Coralvile, 1A) N/A
Reverse: 5’-TCCATAAACTGAGTAGCTTCAGGAG-3’ al., 2013)
Forward: 5'-ACG GTA TCA CTA TTT AGG ACC TGT-3' (Ontiveros
Osteocalcin | 111 (Coralyile, 1A) N/A and
(Bglap) Reverse: 5'-ACT TTA TTT TGG AGC TGC TGT GAC-3' McCabe,
2003)
) Forward: 5'-TTT CCC GGT GCC TTC TCT TTC-3’ (Ide et al.
Pthlr IDT (Coralvile, 1A) N/A ’
Reverse: 5°-CAG GCG CAA TGT GAC AAG C-3° 2018)
; ; Forward: 5'-TTT GCA CAC CTC ACC ATC AAT-3'
Rankl Primer Design N/A N/A
(Southampton, UK) Reverse: 5'- CCC TTA GTT TTC CGT TGC TTA AC-3'
Forward: 5'-GAC AGA AGC TTG ATG ACT CTA AAC C- (Ontiveros
Runx2 IDT (Coralvile, TA) 3 N/A etal.,
Reverse: 5'-TCT GTA ATC TGA CTC TGT CCT TGT G-3' 2004)
Qiagen . 330001,
Sost (Germantown, MD) Not provided PPM36047A N/A
) Forward: 5'-AAT GCC TCG ACC TGG GA-3' (Wiren et
Trap5 (Acp5) | IDT (Coralvile, 1A) N/A 1. 2004
Reverse: 5'-CGT AGT CCT CCT TGG CTG CT-3' aL, )
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547  spectrometer, monitoring the transition 152.0 — 107.0 with a fragmentor of 94 V and a collision
548  energy of 18 V. The retention time of norepinephrine was 1.37 minutes.

549

550 Microarray Analyses

551  Publicly available microarray data from RAW264.7 cells treated for 48 hours with RANKL and
552  vehicle was accessed from GEO (Gene Expression Omnibus, accession number GSE74847)
553  (Takigawa et al., 2016). Gene expression values were obtained after log2-transformation and
554  normalization to the Robust Multiarray Average (RMA).

555

556  Osteoclast culture

557  Primary osteoclasts were isolated from bone marrow from 6-8 week old female mice, as

558  previously described(Motyl et al., 2012). Briefly, bone marrow was plated and cultured with 30
559 ng/mL M-CSF and 50 ng/mL RANKL containing propranolol or vehicle for 6-7 days.

560 Osteoclasts were fixed in glutaraldehyde and stained for TRAP (387A-1KT, Sigma-Aldrich),
561 then TRAP-positive osteoclasts with 3 or more nuclei were counted. Corning OsteoAssay

562  Surfaces were stained for Von Kossa and resorbed area was quantified with ImagelJ as previously
563  described(DeMambro et al., 2012). Additional osteoclasts cultured on plastic were saved for
564 mRNA analyses at day 7.

565

566  Sample size estimation and statistics

567  Sample size for mouse experiments was estimated based on previous experiments in our

568 laboratory using trabecular BV/TV as a primary outcome. Secondary outcomes of interest

569 included serum and histomorphometric indices of bone remodeling. All statistics were performed
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570  with Prism 7 statistical software (GraphPad Software, Inc., La Jolla, CA). Results were analyzed
571 for statistically significant differences using one-way or two-way ANOVA followed by Tukey’s
572 or Holm-Sidak multiple comparison post hoc tests, where appropriate. Statistical significance
573  was set at p <0.05. All data are expressed as the mean + standard error of the mean (SEM).

574  Outliers were handled as follows: first, any scientific/biological reason for the outlier was

575 investigated (i.e. sick mouse, degraded RNA, bad histology section); second, if no explanation
576  for the outlier was found we performed an outlier test to determine if the datum was > 3 standard
577  deviations (SD) from the mean of the other samples in that group. If the datum was > 3 SD from
578  the mean, it was excluded from further analysis. Outlier handling did not significantly change the
579 interpretation of the results.

580

581  Study Approval

582  The Institutional Animal Care and Use Committee of the Maine Medical Center Research

583 Institute approved all mouse protocols.
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606  Figure Legends

607  Figure 1. B-blocker propranolol potentiated osteoblast intracellular Ca®>* and IgfI expression.

608 MC3T3-El1 cells were differentiated to day 7 in osteogenic media. (A) Fluorescence ratio

609 indicative of intracellular Ca>" concentrations was expressed as a percentage of the maximum
610 level. (B) Representative traces of 100 nM PTH-induced fluorescence over time with

611  pretreatment of vehicle, or 0.1, 1 or 10 uM propranolol. (C) Quantification of the maximum-
612  minimum PTH-induced Ca®" fluorescence after pretreatment with vehicle or propranolol. One
613  representative of three experiments (each performed in triplicate) is shown. *p<0.05 compared to
614  vehicle-treated (black), *p<0.05 compared to 100 nM PTH-treated (pink) by Tukey’s post-hoc
615 test after significant one-way ANOVA. (D-K) Gene expression of Runx2, Ocn, Fos, Igfl, Adrbl,
616  Adrb2, Pthilr and Igfir in MC3T3-E1 cells at day 7 after 1 hour treatment with vehicle (white),
617 100 nM PTH (pink), 1 uM propranolol (blue) or 100 nM PTH + 1 uM propranolol (purple).

618  Genes are normalized to non-modulated housekeeping gene, Hprt. Each data point represents the
619 mean from an independent experiment, performed in triplicate. Expression levels in vehicle-

620 treated cells from each experiment were set to 1. Approximate Ct values of vehicle-treated

621  groups are shown above each graph. Bars represent mean of the three independent experiments +
622  SEM. *p<0.05, **p<0.01 by Holm-Sidak post hoc test after a significant two-way ANOVA.

623

624  Figure 2. Propranolol improved the positive effects of PTH on trabecular bone in the L5

625  vertebrae. Mice were treated with vehicle (white), 80 pg/kg PTH (light blue), 0.5 mg/ml

626  propranolol (gray), or PTH and propranolol (dark blue) for 4 weeks, from 16-20 weeks of age.
627  (A) Representative pCT images from L5 vertebrae. (B-G) Trabecular bone volume fraction (Tb.

628 BV/TV), bone mineral density (BMD), number (Tb.N), thickness (Tb.Th), separation (Tb.Sp),
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629  and bone surface/bone volume (BS/BV). Bars represent mean =+ standard error. *p<0.05,

630 **p<0.01 by Holm-Sidak post hoc test after a significant two-way ANOVA.

631

632  Figure 3. Trabecular bone in the femur secondary spongiosa is enhanced by combination PTH
633  and propranolol treatment. Mice were treated with vehicle (white), 80 ng/kg PTH (light blue),
634 0.5 mg/ml propranolol (gray), or PTH and propranolol (dark blue) for 4 weeks, from 16-20

635  weeks of age. (A) Representative 2D (top) and 3D (bottom) images of trabecular micro

636  architecture in the primary and secondary spongiosa of the distal femur. (B-I) Trabecular

637  microarchitectural parameters from the secondary spongiosa. (J-K) Volumetric and densitometric
638 measurements from the primary spongiosa. Bars represent mean * standard error. *p<0.05,

639  **p<0.01, ***p<0.001, ****p<0.0001 by Holm-Sidak post hoc test after a significant two-way
640 ANOVA.

641

642  Figure 4. Propranolol improved cortical thickness and density in PTH-treated mice. Mice were
643  treated with vehicle (white), 80 ug/kg PTH (light blue), 0.5 mg/ml propranolol (gray), or PTH
644  and propranolol (dark blue) for 4 weeks, from 16-20 weeks of age. (A-H) Cortical bone

645  microarchitectural parameters, cortical area (Ct.Ar), marrow area (Ma.Ar), total area (Tt.Ar)
646  cortical area fraction (Ct.Ar/Tt.Ar), cortical thickness (Ct.Th), cortical tissue mineral density
647 (Ct.TMD), cortical porosity, and polar moment of inertia (pMOI) were analyzed at the midshaft
648  of the femur. Bars represent mean + standard error. *p<0.05, **p<0.01 by Holm-Sidak post hoc
649 test after a significant two-way ANOVA.

650
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651  Figure 5. Propranolol improved bone formation markers in PTH-treated mice. Mice were treated
652  with vehicle (white), 80 ng/kg PTH (light blue), 0.5 mg/ml propranolol (gray), or PTH and

653  propranolol (dark blue) for 4 weeks, from 16-20 weeks of age. (A) Serum PINP was measured
654 by ELISA. (B-C) Static and dynamic histomorphometry representative images and quantification
655  of architectural, bone formation and osteoblast parameters measured in L5 vertebrae. (D-H)

656  Gene expression of markers of bone formation and osteoblast maturity were analyzed in the tibia
657 and normalized by the non-modulated housekeeping gene, Hprt. Bars represent mean * standard
658  error. *p<0.05, **p<0.01 by Holm-Sidak post hoc test after a significant two-way ANOVA.

659

660  Figure 6. Propranolol prevented PTH-induced resorption but not RANKL induction. Mice were
661 treated for 4 weeks (A-F) with vehicle (white), 80 pg/kg PTH (light blue), 0.5 mg/ml propranolol
662  (gray), or PTH and propranolol (dark blue). (A-B) Gene expression of Ctsk and Trap5 was

663  analyzed in the whole tibia and normalized by the non-modulated housekeeping gene, Hprt. (C)
664  Serum CTx was measured by ELISA. (D) Histomorphometric analyses of osteoclast and

665  resorption parameters were measured in L5 vertebrae. (E) Serum norepinephrine (NE) was

666  measured by LC/MS/MS. (F) Serum Rankl was measured by ELISA. (G-H) Mice were treated
667  with PTH and/or propranolol for 5 days and cortical shell was collected 1 hour after the last PTH
668  or vehicle dose. Gene expression levels of Rankl and Opg were normalized to Hprt. Bars

669  represent mean + standard error. *p<0.05, **p<0.01, ***p<0.001 by Holm-Sidak post hoc test
670  after a significant two-way ANOVA.

671

672  Figure 7. Osteoclast differentiation is impaired with propranolol treatment in vitro. (A) Publicly

673  available microarray data from GEO, including Adrb1, 2 and 3, as measured in RAW264.7 cells
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674  after 48-hour treatment with vehicle or RANKL. n=3/group. ***p<0.001 by Student’s t-test. (B)
675  Expression levels of Adrbl and Adrb2 in primary bone marrow-derived osteoclasts. n=3. (C)
676  Representative images of TRAP-stained osteoclasts that were differentiated in the presence of
677  vehicle or 0.1, 1, or 10 uM propranolol. (D) One representative of four independent experiments
678  where TRAP positive osteoclasts were counted in 96-well plates. (E) Representative OsteoAssay
679  Surface plates stained for phosphate with a Von Kossa stain. White areas indicate surface that
680  was resorbed by osteoclasts. (F) Quantification of three independent experiments, where the

681  vehicle control for each was set to 100%. (D and F) *p<0.05, **p<0.01, ****p<0.0001 by

682  Tukey’s post hoc test after a significant one-way ANOVA. (G) Time course of primary bone
683  marrow-derived osteoclast differentiation in the presence of vehicle or 1 uM propranolol. N=8
684  replicates per time point. *p<0.05 by Holm-Sidak post hoc test after a significant two-way

685 ANOVA. (H-M) Gene expression normalized to housekeeping gene Hprt in primary osteoclasts
686  treated with vehicle or indicated concentrations of propranolol. »=3 independent experiments
687  with the vehicle control from each experiment set to 1. (H-M) *p<0.05, **p<0.01, ****p<0.0001
688 by Tukey’s post hoc test after a significant one-way ANOVA. Bars represent mean + standard
689  error.

690

691  Figure S1. Effects of PTH and propranolol on proximal tibia bone marrow adiposity. Mice were
692 treated for 4 weeks with vehicle (white), 80 ng/kg PTH (light blue), 0.5 mg/ml propranolol

693  (gray), or PTH and propranolol (dark blue). (A) Tibias were decalcified and stained with H & E.
694  Scale bar = 500 um. (B-D) Adipocyte ghosts were measured using BIOQUANT OSTEO

695  software. (E) Fabp4 gene expression was measured in whole tibia and normalized to non-

696  modulated housekeeping gene Hprt. Bars represent mean * standard error. Indicated p-values
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697  were determined by Holm-Sidak post hoc test after a significant interaction effect was found

698  using two-way ANOVA.

699
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