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Propranolol, a B-adrenergic antagonist, attenuates the decrease
in trabecular bone mass in high calorie diet fed growing mice
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We investigated the effects of high calorie and low calorie
diets on skeletal integrity, and whether -adrenergic blockade
(BB) attenuates bone loss induced by dietary calorie alteration.
Male 6-week-old C57BL/6 mice were assigned to either an
ad-lib fed control diet (CON), a high calorie diet (HIGH), or a
low calorie diet (LOW) group. In each diet group, mice were
treated with either vehicle (VEH) or propranolol, a B-adrener-
gic antagonist. Over 12-weeks, B-blockade mitigated body
weight and fat mass increases induced by the high calorie diet.
Femoral trabecular bone mineral density and the expression
levels of osteogenic marker genes in bone marrow cells were
reduced in HIGHVEH and LOWVEH mice, and BB signifi-
cantly attenuated this decline only in HIGH mice. In summary,
the magnitude of bone loss induced by low calorie diet was
greater than that caused by high calorie diet in growing mice,
and B-blockade mitigated high calorie dietinduced bone loss.
[BMB Reports 2014; 47(9): 506-511]

INTRODUCTION

Obesity and obesity-related metabolic disorders have in-
creased rapidly worldwide. Obesity is traditionally known to
have beneficial consequences on bone integrity, due to the
mechanical loading conferred by body weight. However, it
has been recently suggested that increased levels of adipokines
or hormones derived from excessively accumulated fat in the
context of obesity, could be detrimental to bone (1-3). The un-
derlying pathophysiological mechanism between obesity and
bone is very complex, and has not been fully investigated.
Meanwhile, in an attempt to lose weight, considerable num-
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bers of women in modern society restrict dietary calories (4).
Chronic restriction of calorie intake can lead to significant clin-
ical concerns, such as decreased bone mass (5, 6). On aver-
age, each 10% decrement in body weight in humans is asso-
ciated with a 1% decrease in bone mass (7).

Mammalian bones are widely innervated by sympathetic
and sensory nerves, which are particularly abundant in regions
of high osteogenic activity (8). Over the last decade, a line of
research has emerged elucidating the role of the sympathetic
nervous system (SNS) in the regulation of bone mass. Osteo-
blasts express B-adrenergic receptors (9). SNS activation drives
bone loss mainly by reducing osteoblast differentiation and
proliferation (9), and by stimulating bone resorption (10).
Activation of [-adrenergic receptors increases the expression
of osteolytic factors, such as receptor activator of NF-kappa B
ligand, interleukin-6, interleukin-11, and prostaglandin E,, as
well as the formation of osteoclast-like cells from mouse bone
marrow cells (11).

In the context of calorie restriction- or obesity-induced bone
loss, a correlation of these phenomena with SNS activation has
been suggested. It has been proposed that potential factors
contribute to SNS activation in obesity, which include hyper-
leptinemia, activation of the central pro-opiomelanocortin/mel-
anocortin-4 receptor, hyperinsulinemia/insulin resistance, hy-
poadiponectinemia, hypoghrelinemia, increased angiotensin Il
levels, and baroreceptor dysfunction (12). Norepinephrine
and/or epinephrine release is also increased with fasting or
weight reduction (13, 14), and also results in loss of bone mass.
Conversely, pharmacological blockade of B-adrenergic re-
ceptors attenuates the loss of trabecular bone in the context of
SNS activation-associated stressful conditions, such as disuse
via hindlimb unloading in mature rats (15), calorie restriction
in adult rats (16), and ovariectomy in exercising adult rats (17).
It has also been demonstrated that propranolol, a -adrenergic
receptor antagonist, attenuates the mechanical unloading-in-
duced or calorie restriction-induced decline in trabecular bone
mass, and the bone formation rate in mice (15, 18). However,
no study has demonstrated whether blocking B-adrenergic sig-
naling attenuates obesity-induced bone loss, or compared the
magnitude of each caloric alteration’s (high calorie diet vs. low
calorie diet) contributions to bone loss, in a side-by-side study.
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censes/by-nc/3.0) which permits unrestricted non-commercial use, distribution, and reproduction in any medium, provided the original work is properly cited.



In the present study, we compared the contributions of each
dietary calorie alteration (high calorie diet vs. low calorie diet)
to bone loss in growing mice, and tested whether p-adrenergic
blockade attenuates decreases in bone mass, during dietary
calorie alteration.

RESULTS

-Adrenergic blockade attenuates the increase of body weight
and fat mass observed with the high calorie diet

At 12 weeks, body weight and fat mass was lower in
LOWVEH mice (—30.8%, —72.83%, respectively), but higher
in HIGHVEH mice (+32.8%, +78.79%, respectively), com-
pared to those in CONVEH mice (Figs. 1A and 1B). However,
at week 12, the lean body mass was higher in LOWVEH mice
(+25.89%), but lower in HIGHVEH (—23.21%) mice, com-
pared to that in CONVEH mice (Fig. 10).

Although a significantly higher body fat mass was observed
in HIGHBB mice at week 12 (+34.05%), compared to that of
CONVEH, the impact of the high calorie diet on body fat mass
over 12 weeks was significantly attenuated by propranolol
(Fig. 1B). Furthermore, body weight increased over 100% in
HIGHVEH mice at week 12; whereas, B-adrenergic blockade
reduced this increase (+72% vs. week 0 within group) (Fig. 1A).

Both the high calorie and low calorie diets reduce femoral
trabecular vBMD, but calorie restriction produces greater
reduction than the high calorie diet

After 12 weeks, LOWVEH and HIGHVEH mice had lower tra-
becular vBMD (—21.21% and —16.96%, respectively), and
lower trabecular bone volume (—54.66% and —17.84%, re-
spectively), compared to CONVEH mice (Table 1, Fig. 2).
Lower trabecular number (—58.92%), and higher trabecular
separation (+34.66%) and porosity (+3.23%), were observed
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only in LOWVEH mice, compared to CONVEH mice.

B-Adrenergic blockade attenuates the reduction of trabecular
femoral vBMD observed with the high calorie diet

The impact of the high calorie diet on trabecular femoral
vBMD reduction was significantly mitigated by propranolol
(198.98 mg/cm’ vs. 172.21 mg/cm® in HIGHVEH mice) (Table
1, Fig. 2). However, no significant differences in uCT values,
including trabecular femoral vBMD, were observed with pro-
pranolol treatment in calorie-restricted animals.

The low calorie diet produces lower cortical thickness and
lower MM in the femoral midshaft

Following 12 weeks of dietary caloric interventions, although
periosteal perimeter (+3.64%) and cross-sectional diameter
(+41.85%) were higher in LOWVEH mice vs. CONVEH mice,
cross-sectional bone area (—14.25%), cortical thickness
(—12.71%), and cross-sectional geometry MMI (—16.37%)
were lower in LOWVEH mice vs. CONVEH mice (Table 1).
These data indicate that calorie restricted mice had expanded
toward the periosteum, but had thinner, mechanically weaker
cortical geometric properties. The impact of the high calorie
diet on the cortical bone was observed only in an increased
periosteal perimeter (+3.92% vs. CONVEH mice). No sig-
nificant mitigation effects in any uCT variables of cortical bone
were observed with BB treatment in both LOW and HIGH
animals.

Both the high calorie and low calorie diets induce decreased
tibial trabecular bone formation and increased bone
resomption, but the low calorie diet produces a greater
reduction in the BFR

After 12 weeks, both HIGHVEH and LOWVEH mice had sig-
nificantly lower trabecular bone volume (% BV/TV, —17%

Fig. 1. Blocking fB-adrenergic signaling
attenuates the increases in body weight
and fat mass observed with the high
fat diet. (A) Body weights over 12
weeks of the high fat diet (HF), or the
low calorie diet (LOW), or fed ad-lib
(CON), in mice administered vehicle
(VEH) or B blocker (BB). For all ex-
periment groups, n = 10. *P < 0.05
p  vs. CONVEH, P < 0.05 vs. VEH with-
in the same diet group. (B, C) Total
body fat mass and lean mass at week
12, from whole body DEXA scans.
Bars sharing the same letters are not
significantly different.
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Table 1. Proximal femoral trabecular and femoral midshaft cortical analyses
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CONBB LOWVEH LOWBB HIGHVEH HIGHBB

Unit CONVEH

Av

Parameters

0.71 + 0.36°

1.30 + 0.70°
0.37 + 0.17*°

1.30 + 0.02°
0.72 + 0.04°
0.39 + 0.05°

1.27 + 0.02°
0.63 + 0.02°
0.32 + 0.02°

1.28 + 0.02*"

1.29 + 0.02*°
0.74 + 0.03*°
0.40 + 0.04"

mg/cm®
2
mm
4
mm

coBMD
B.Ar
MMI

Cs.th
T.Ar

Cortical BMD
Crossectional bone area
Moment of inertia

0.64 + 0.03°
0.33 + 0.05°¢
140 + 5 141 + 72°

128 + 4°

1.30 + 0.02°
0.77 + 0.05°
0.41 + 0.03°

1.08 + 0.09°

6070 + 220°

126 + 6°

1.10 + 0.11°

151 + 16"
6050 + 210°

146 + 4P

mcm

Crossectional thickness

Medullary area

1.03 + 0.10°
5980 + 250*°

1.05 + 0.15°
5840 + 130"

1.04 + 0.10°
5830 + 170"

1.05 + 0.07°
6040 + 140°"
0.36 + 0.19*¢

0.47 + 0.06°

mcm
mm

T.Pm
CD

Periosteal perimeter
Circle diameter

0.51 + 0.24°¢

0.51 + 0.08"¢

0.68 + 0.12°

0.67 + 0.14*°

CON: ad-lib, LOW: energy restriction diet, HIGH: high calorie diet fed mice, VEH: vehicle administration, BB: beta blocker administration, respectively. For all experimental groups,

10. Group sharing same letters are not significantly different.

n=

and —54%, respectively), than that of CONVEH mice (Fig.
2B). The 3-fold decrease in MAR was observed with
HIGHVEH mice (vs. CONVEH mice) (Fig. 3A). Although %
MS/BS was numerically lower in HIGHVEH mice, compared
to that in CONVEH mice, this reduction was not significant.
These reductions in MAR and % MS/BS contributed to a 60%
reduction in BFR in HIGHVEH mice. The percent eroded sur-
face (the surface covered by osteoclasts) increased approx-
imately 2.8-fold in HIGH mice vs. CON mice. In calorie-re-
stricted mice, a decrease in both MAR (—56%) and % MS/BS
(—58%) vs. CONVEH mice was observed. These reductions in
MAR and % MS/BS contributed to the 82% reduction in BFR
in LOWVEH mice. The percent-eroded surface increased by
207% in LOWVEH mice, and by 181% in HIGHVEH mice (vs.
CONVEH mice).

B-Adrenergic blockade mitigates the decreased trabecular
bone formation and the increased bone resorption observed
with the high calorie diet

The decrease in MAR observed in HIGHVEH mice was blunt-
ed by B blockade, and this rescued MAR contributed to the at-
tenuation of BFR reduction observed with the high calorie diet
(Fig. 3A). The increase in the %-eroded surface observed in
HIGHVEH mice was also abolished in HIGHBB mice. In calo-
rie-restricted mice, propranolol did not exert significant effect
on bone formation parameters. However, dramatic increase in
the %-eroded surface observed with the low calorie diet was
significantly reversed with [-adrenergic blockade. In CON
mice, propranolol did not induce any significant change in the
histomorphometric parameters.

Both the high calorie and low calorie diets suppress
osteogenic marker gene expression in bone marrow cells, and
B-adrenergic blockade attenuates the reduction of osteogenic
marker gene expression in the high calorie diet fed diet

At week 12, we harvested tibial bone marrow from sacrificed
mice, and extracted total RNA. Among the genes examined,
the levels of Runx2, Osterix, and BSP mRNA were significantly
down-regulated, by both low calorie and high calorie diets
(Fig. 3B). The expression level of MEPE was down-regulated
only by the high calorie diet. Although the impact of diet alter-
ation on osteogenic gene expression was suppressed by pro-
pranolol in both groups, the effect of propranolol was more
significant in HIGH mice, than in LOW mice. Among the
genes examined, the down-regulation of Osterix and Runx2
mRNA by the low calorie diet was significantly rescued with
propranolol treatment. In high calorie diet fed mice, reduc-
tions in BSP, MEPE, Osterix, and Runx2 mRNA were signifi-
cantly rescued with propranolol treatment. Expression of ALP
was dramatically increased with [ blockade, in high calorie di-
et fed mice.
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10 2 Fig. 2. P-Adrenergic blockade attenu-
ates the reduction of trabecular femo-
ral vBMD observed with the high cal-
orie diet. Ex vivo uCT assessment of
the distal femur was performed, after
12 weeks of dietary alterations, and/or
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cellous bone at the distal femur. (B)
A uB analysis results of the cancellous
bone density and geometry. For each
group, n = 10. Bars sharing the same
letters are not significantly different.
Th.vBMD (Trabecular volumetric BMD),
BV/TV (Percent bone volume), Tb.N
CON CON LOWLOWHIGHHIGH CON CON LOWLOWHIGHHIGH (TrabeC.UIar nUmbe )/ TbSp (TrabeCU|ar
VEH BB VEH BB VEH BB VEH BB VEH BB VEH BB Separatlon).

e
]

BVITV (%)
Th.N (mm)

S N oA o

LOow

e
o

=Y

)
=]
=3
>
>
m
@
=

o
=3

HIGH

=
=1

Total porosity (%
= g

=Y

(A)
=
z
7 s
k-] £ o
E E a
= E E
T E ®
= i
o
CON CON LOW LOW HIGH HIGH CON CON LOW LOW HIGH HIGH CON CON LOW LOW HIGH HIGH CON CON LOW LOW HIGH HIGH
VEH BB VEH BB VEH BB VEH BB VEH BB VEH BB VEH BB VEH BB VEH BB VEH BB VEH BB VEH BB
(B)
15 - 1.5 q 12 "
*
o 5 ¥ T 10
g 14 x# 14 . 8
] o ] # =
o = % (L] 6
o o o
5 0.5 4 * *# g 054 * gJ 4
= * 17 <<
& o 2 *
0 - 04 0
CON CON LOW LOW HIGH HIGH CON CON LOW LOW HIGH HIGH CON CON LOW LOW HIGH HIGH
VEH BB VEH BB VEH BB VEH BB  VEH BB VEH BB VEH BB  VEH BB  VEH BB
15 15 1
I # E #
o o
o 1 < 1
< * Q
Q ol * i}
o o
o 05 w 0.5
[a1] = * *# *
0 0 4
CON CON LOW LOW HIGH HIGH CON CON LOW LOW HIGH HIGH
VEH BB VEH BB VEH BB VEH BB VEH BB VEH BB

Fig. 3. B-Adrenergic blockade mitigates the decreased trabecular bone formation and osteogenic marker gene expression observed with the
high calorie diet. (A) Histomorphometric analysis results obtained from proximal tibial sections. Data are presented as the mean + SD.
Bars sharing the same letters are not significantly different. MAR (mineral apposition rate), % MS/BS (percent mineralizing surface), BFR
(bone formation rate), % ES/BS (percent erosion surface). (B) Tibial bone marrow was harvested after sacrifice, and total RNA was
extracted. The mRNA levels of osteogenic marker genes were examined by quantitative RT-PCR. Data are presented as the mean + SD of
triplicates (*P < 0.05 vs. CONVEH, "P < 0.05 vs. VEH within the same diet group).
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DISCUSSION

These experiments demonstrate the effects of dietary calorie al-
teration on bone mass and architecture, and the interesting
links between the SNS and regulation of bone mass. To our
knowledge, this is the first study providing a side-by-side com-
parison of the effects of low calorie or high calorie diet on
bone mass. One of the major objectives of this study was to
compare the magnitude of the contribution of each dietary
caloric alteration to bone loss. The data showed that both low
calorie diet and high calorie diet independently impair the
limb bone’s skeletal integrity, via decreased bone formation,
and increased bone resorption. The detrimental impact of the
low calorie diet on the trabecular and cortical femoral bone
was significantly greater, than that of the high calorie diet.
Reduction of bone volume was observed in both diet groups,
but lower trabecular number and higher trabecular space/po-
rosity was observed only with low calorie diet, which reflects
this diet’s greater deleterious effect on trabecular bone at the
metaphyseal site. Additionally, the low calorie and high calo-
rie diets exhibited significant increases in the marrow area
(area inside the endocortical perimeter) of the femoral
midshaft. Both the low calorie and high calorie diets exhibited
a significant decrease in total cross-sectional bone area and
cortical thickness. This reflects periosteal expansion/thinness
coupled with increased marrow area, suggesting a net loss of
cortical bone at this site, and this loss was more exacerbated
with the low calorie diet, inducing a lower bone strength
index.

We sought to elucidate the effects of moderate calorie re-
striction on bone outcomes, when all other nutrients were
maintained at adequate levels. Comparing our data to those of
previously published studies, it is clear that restricting dietary
calorie intake causes multiple negative consequences for the
geometric properties of bone (6), as well as an increased in-
cidence of uncoupling of bone formation to bone resorption
(18, 19). In addition to calorie restriction, previous studies
have also shown that low bone mass and compromised bone
skeletal integrity are associated with diet-induced obesity, in
both animals and humans. Growing C57BL/6 mice fed a
high-fat diet showed 43% lower mineral content and 15%
lower bone mineral density in the femur, compared to control
diet fed mice (3). High-fat dietary intake during the growth pe-
riod exerts deleterious effects on bone parameters in mice (2).
Changes reported in mice cortical bone in response to a
high-fat diet include dramatically lower femoral strength, stiff-
ness, and toughness, compared to controls, from adolescence
to adulthood (20).

In the present study, B-adrenergic blockade exerts its tra-
becular bone protective effect in the context of high calorie di-
et, but not in the calorie restricted state in femoral metaphysis.
At the femoral midshaft, we observed no significant mitigating
effect of B-adrenergic blockade in cortical bone BMD and ge-
ometry, in the low calorie diet fed mice. It was recently re-
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ported that blocking §§ adrenergic signaling attenuates reduc-
tions in trabecular bone mass observed with dietary calorie re-
striction (18), demonstrating the mitigating effect of B blockade
in calorie restriction-induced bone loss in adult rodents.
However, in that report, skeletally mature rats were used; and
the magnitude of the B blockade effect in high calorie diet-in-
duced bone loss has not been quantified in a side-by-side
comparison. There is a study showing that the detrimental ef-
fects of calorie restriction are greater in growing mice, than in
mature or aged mice (16). In the present study, it has been
shown that the mitigating effect of f§ blockade is not sufficient
to rescue the bone loss induced by calorie restriction in grow-
ing mice. It is noteworthy, however, that even though they
were not significant, B blockade suppressed calorie restric-
tion-induced decreases in trabecular vBMD, bone volume, and
trabecular number. Additionally, osteogenic marker gene anal-
ysis demonstrated that B-adrenergic blockade mitigates the re-
duction of Osterix and Runx2 gene expression in bone mar-
row cells, induced by the low calorie diet.

In summary, both the high calorie and low calorie dietary
intake over 12 weeks in growing mice caused significant bone
loss in limb bones, and the magnitude of bone loss induced by
the low calorie diet was greater, than that of the high calorie
diet. B-Adrenergic blockade mitigated high calorie diet-in-
duced metaphyseal bone loss, by attenuating declines in os-
teoblastic cell activity, and by abolishing increases in osteo-
clast surfaces. These data suggest an important role for the
[-adrenergic signaling in bone responses, to alterations in diet-
ary calorie intake.

MATERIALS AND METHODS

All experimental procedures other than animal experimental
design were provided in Supplementary data 1.

Animals and experimental design

Sixty C57BL/6 mice, aged 5 weeks at purchase (Orient Bio
Inc., Seoul, Korea), were block-assigned by body weight into
six groups of ten animals each: ad-lib fed controls treated with
vehicle (CONVEH) or B-blocker (CONBB), calorie restricted
mice treated with vehicle (LOWVEH) or $-blocker (LOWBB),
and high fat diet mice treated with vehicle (HIGHVEH) or
B-blocker (HIGHBB). The CON group was fed a purified con-
trol diet (10% calories from fat; #D12450B, Research Diets,
New Brunswick, NJ, USA), for the twelve-week protocol. For
the high fat diet experiments, mice were fed a high fat diet
(60% calories from fat; #D12492, Research Diets). To achieve
the 30% calorie restriction, LOW mice were fed 0.7 g of the
specially formulated diet (Research Diets), for every 1 g of
#D12450B diet of the CONVEH group average consumption.
A higher density of other nutrients in the modified diet assured
100% intake of all nutrients except calories, when a reduced
volume of chow was provided. Important vitamin/mineral in-
takes were adjusted to be equivalent among the three calorie

http://ombreports.org



groups. Food intake for all mice was measured each day, and
within the same calorie groups, t3he food intake was not dif-
ferent between VEH and BB mice. -Blocker groups were ad-
ministered propranolol ((+)-propranolol hydrochloride, Sigma-
Aldrich, St. Louis, MO, USA) via drinking water (0.5 g/L) (18).
On days 9 and 2 before sacrifice, animals were given subcuta-
neous injections of calcein (25 mg/kg), to label mineralizing
bone for histomorphometric analyses. All procedures in this
study were approved by the Seoul National University Institu-
tional Animal Care and Use Committee (SNU-110531-2).
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