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tissues in vivo. Direct pharmacologic inhibition of the proteasome with carfilzomib also conferred musculoskeletal
protection. Genetic loss of the atrogene MuRF1-mediated protein ubiquitination in ARING mice afforded temporary or
sustained protection from GC excess in bone or skeletal and heart muscle. We concluded that the atrogene pathway
downstream of MuRF1 underlies GC action in bone, muscle, and the heart, and it can be pharmacologically or genetically
targeted to confer protection against the damaging actions of GC simultaneously in the 3 tissues.
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Despite their beneficial actions as immunosuppressants, glucocorticoids (GC) have devastating
effects on the musculoskeletal and cardiac systems, as long-term treated patients exhibit high
incidence of falls, bone fractures, and cardiovascular events. Herein, we show that GC upregulate
simultaneously in bone, skeletal muscle, and the heart the expression of E3 ubiquitin ligases
(atrogenes), known to stimulate the proteasomal degradation of proteins. Activation of vitamin
D receptor (VDR) signaling with the VDR ligands calcitriol or eldecalcitol prevented GC-induced
atrogene upregulation in vivo and ex vivo in bone/muscle organ cultures and preserved tissue
structure/mass and function of the 3 tissues in vivo. Direct pharmacologic inhibition of the
proteasome with carfilzomib also conferred musculoskeletal protection. Genetic loss of the
atrogene MuRF1-mediated protein ubiquitination in ARING mice afforded temporary or sustained
protection from GC excess in bone or skeletal and heart muscle. We concluded that the atrogene
pathway downstream of MuRF1 underlies GC action in bone, muscle, and the heart, and it can be
pharmacologically or genetically targeted to confer protection against the damaging actions of GC
simultaneously in the 3 tissues.

Introduction
Glucocorticoids (GC) are commonly used as immunosuppressants to manage a wide range of afflictions,
including rheumatoid arthritis, asthma/pulmonary diseases, autoimmune diseases, and organ transplanta-
tion and are frequently included in cancer chemotherapy regimens, resulting in millions of patients treated
with GC worldwide (1-3). In the last decades, GC usage has grown by an estimated 14%-34% (4, 5), and
currently, 4 million patients in the US (6) and 15 million patients in Europe (3-5, 7) are receiving GC.
Long-term GC treatment leads to a chronic state of excess, which adversely affects multiple tissues, includ-
ing the musculoskeletal and cardiac systems, with the consequent increase in bone fractures and cardiovas-
cular events (2, 8-11). Furthermore, the healthcare costs associated with these GC side effects total billions
of dollars per year in the US, independently of the primary disease (2, 12). Thus, identification of potential
targetable pathways mediating the iatrogenic side effects of GC is needed.

A common feature of chronic GC excess in bone, skeletal muscle, and the heart is the structural
deterioration and/or loss of mass followed by tissue dysfunction. Trabecular and cortical bone thinning
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and loss of mineral density are hallmarks of GC-induced bone disease (13-16). Decreased myofiber
diameter and loss of mass characterize GC-induced sarcopenia (14), whereas thinning of the left ven-
tricular wall followed by eccentric hypertrophy marks the early phase of cardiovascular disease (CVD)
induced by GC (17). The obvious differences among the tissues notwithstanding, this evidence suggests
that a common pathway regulating tissue mass and structure underlies GC action in these organs, pro-
viding an opportunity for a single protective intervention.

Atrogenes are limiting factors in the rate of proteosomal activity, as increased atrogene expression
promotes protein degradation whereas decreased expression lowers proteasomal proteolysis (18-21). Ear-
lier studies showed that GC increase the expression of E3 ubiquitin ligases (atrogenes) that label proteins
for proteasomal degradation in skeletal muscle (18, 19) and bone (14). Moreover, the genetic loss of the
atrogene MuRF1 protects against GC actions in skeletal and cardiac tissue (17, 18) and from the bone loss
induced by unloading (22).

Prompted by these pieces of evidence, we investigated whether interfering with the atrogene path-
way protected simultaneously bone, skeletal muscle, and the heart from structural deterioration and tissue
dysfunction using a preclinical mouse model of GC excess. We found that treatment with ligands of the
receptor for vitamin D,, a hormone with recognized clinical benefits on both musculoskeletal and car-
diac systems (23, 24), prevented atrogene increases and GC-induced disease in all tissues. In addition,
direct proteasome targeting with the FDA-approved proteosomal inhibitor carfilzomib (carfil; Kyprolis)
blocked bone and muscle atrophy induced by GC. Moreover, genetic loss of atrogene MuRF 1-mediated
protein ubiquitination preserved skeletal and cardiac muscle function and temporarily protected the skele-
ton against GC effects.

These findings support the notion that pathologic GC actions are mediated by atrogene MuRF1-stim-
ulated proteolysis and that targeting this common pathway either by pharmacologic or genetic means pre-
vents structural deterioration and dysfunction by GC in the musculoskeletal and cardiac systems.

Results

VDR ligands block GC upregulation of atrogene expression in bone, skeletal muscle, and cardiac muscle. In bone,
GC increase the expression of atrogenes MuRFI and Atroginl in ex vivo bone organ cultures and in
vivo (Figure 1, A and B), as previously published (14). The expression level of these atrogenes was
not altered by 1,25-dihydroxyvitamin D, (1,25D,; also known as calcitriol) ex vivo or in vivo or by
2B-(3-hydroxypropyloxy)-1,25-dihydroxyvitamin D, (ED; also known as eldecalcitol) in vivo. Howev-
er, 1,25D, prevented GC stimulation of atrogene expression ex vivo, and both metabolites blocked GC
upregulation of these atrogenes in vivo.

GC also increased atrogene expression in ex vivo cultures of skeletal muscles, as previously published
(14), and similarly to the skeletal protection, 1,25D, blocked the GC increase in MuRF1 and Atroginl
expression. Taken together, these findings suggest that the musculoskeletal protection by VDR ligands may
occur via suppression of GC-induced atrogene signaling.

In the heart, MuRFI and Atroginl expression was also increased by GC, and 1,25D,/ED blocked
MuRF1 increases by GC, but not Atroginl (Figure 1C). Overall, 1,25D, and ED by themselves did not alter
MuRF] expression and Atroginl expression was also increased by ED alone, although no functional conse-
quences were detected in vivo (see below).

Whether 1,25D, and ED altered expression of other known GC target genes was also investigated.
The following genes were selected for bone: bone sialoprotein (Sppl), runt-related transcription factor
2 (Runx2), and collagen lal (Collal). The following genes were selected for muscle: forkhead box O1
(Foxol), forkhead box O3 (Foxo3), and inositol 1,4,5-triphosphate receptor 1 (ItprI). The following genes
were selected for the heart: angiotensin II receptor, type la (Agtria); angiotensin II receptor, type 1b
(Agtr1b); and Kruppel-like transcription factor 15 (KIf15). None of these GC target genes were changed
by 1,25D, and ED (data not shown). Additionally, the VDR ligands did not uniformly alter Nr3c/ (GR)
expression in these different tissues (data not shown). In muscle and bone, 1,25D, decreased GR expres-
sion only in GC-treated mice whereas ED induced no changes either alone or in combination with GC.
In the heart, the VDR ligands did not affect GR expression either alone or in combination with GC.
Therefore, in summary, these findings suggest that prevention of the GC-induced increase in atrogene
expression by the VDR ligands seems to be not due to a generalized effect on all GC target genes and
that it is independent of changes in GR expression.
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Figure 1. VDR ligands prevent increased atrogene expression by glucocorticoids in bone, muscle, and the heart. MuRF1
and AtroginT expression was quantified by gPCR in tissues treated without or with GC and vehicle (black outline), 1,250,
(blue outline), or ED (green outline) for 6 hours ex vivo (A) or 8 weeks in vivo (B and C). Mice were implanted with 2.1 mg/
kg/d prednisolone or placebo slow-release pellets and gavaged 5 times per week with 50 ng/kg/d 1,25D,, ED, or vehicle. For
ex vivo, n = 6-9 bones and n = 6-7 for muscles. For in vivo, n = 8-11 bones and n = 5-8 hearts. *P < 0.05 vs. corresponding
controls, *P < 0.05 vs. corresponding vehicle treated, “P < 0.05 vs. corresponding 1,250, treated by 2-way ANOVA, Tukey's
post hoc test, P < 0.05 vs. placebo and vehicle-treated controls by 1-way ANOVA, Dunnett’s Method post hoc test.

Ligands of the VDR protect from bone loss and microarchitecture deterioration by blocking GC effects on remod-
eling. GC decreased total, femoral, and spinal bone mineral density (BMD) after 4 and 8 weeks (Figure
2A and Supplemental Figure 1A; supplemental material available online with this article; https://doi.
org/10.1172/jci.insight.182664DS1) of administration compared with corresponding placebo groups, as
previously reported (13, 14, 16, 25). Treatment with the VDR ligands 1,25D, or ED increased BMD at all 3
sites regardless of GC presence. However, despite the skeletal gains with 1,25D,, GC exposure still blunted
these benefits on total and femoral BMD, but not in the spine, suggesting a distinction in the cortical versus
cancellous bone response to 1,25D,. Notably, 1,25D, still increased BMD in GC-treated animals to the level
exhibited by vehicle-placebo controls. In contrast, ED completely protected against GC-induced decreases
in BMD at all 3 sites and time points. In addition, overall ED increased total and spinal BMD further than
1,25D, in both placebo- and GC-treated animals. These findings support the notion that increased vitamin
D signaling can block adverse, chronic GC effects on BMD, either partially with 1,25D, or fully with ED.

GC exposure leads to a marked deterioration of skeletal microarchitecture in both cancellous and
cortical bone (Figure 2B and Table 1). 1,25D, fully prevented the deterioration of cancellous bone microar-
chitecture induced by GC, whereas ED only partially protected against the reduction in trabecular number
or the increase in trabecular separation (Figure 2B and Table 1). In cortical bone, both 1,25D, and ED
partially prevented GC effects, as indicated by gains in bone area/tissue area (BA/TA), cortical thickness,
and femoral material density accompanied by reductions in marrow area. ED further improved cancellous
bone architecture with increases in bone volume/tissue volume (BV/TV) and trabecular thickness when
compared with GC-treated controls, even to a higher extent than 1,25D,. In addition, ED, but not 1,25D,,
prevented the reduction in femoral material density induced by GC.

The VDR ligands per se also improved cancellous and cortical bone microarchitecture (Figure 2B and
Table 1). In cancellous bone, both metabolites increased trabecular thickness, and ED also increased BV/TYV,
and the effect of ED on BV/TV was to a higher extent than that of 1,25D,. Both metabolites additionally,
increased cortical BA/TA and cortical thickness, and 1,25D, also reduced the marrow area.

GC suppressed bone formation, as evidenced by reduced circulating levels of bone formation PINP and
OCN, lower bone formation rate/bone surface (BFR/BS), and mineralizing surface/BS quantified by dynamic


https://doi.org/10.1172/jci.insight.182664
https://insight.jci.org/articles/view/182664#sd
https://doi.org/10.1172/jci.insight.182664DS1

RESEARCH ARTICLE

A BMD 8wks
total femur spine
veh 1,25D, ED veh 1,25D, ED veh 1,25D, ED
76 Q a 8.0 Y
* Q
Q Q
- 7.2 * %i Ei 7.0 - i
e 6.8 Sl % " _E__ .
T 6.0
E 6.4 = —_
© 5.0 A
=~
60 ) 45 —
204 L —— z.oI e —
0 — 0 #
B bone microarchitecture
BVITV cancellous veh  1,25D; ED BA/TA cortical material density
veh 1,25D; ED ¢ o veh 1,25D, ED veh 1,25D, ED
2 Q
8 Q e 60 a * 1225 * *
6 o 56 ig ﬂi g 120 _%%i_
Q Q
R4 *é i = 2T, §-$-§”75@§
- s . 48 1150
2 i 8 44 i * 1125 —_
[E—
0 —_ (2)-f — 108-1 #
(R #
#
C P1NP 4wks OCN 8wks D BFR/BS MS/BS
veh 1,25D, ED veh 1,25D, ED veh 1,25D, ED veh 1,25D, ED
50 2 a 25 0.7
40 Q 20 05
o 2y . .
E 30 E aa T 15

g

B

3 by 2 an ] S
20 E 10 “E 0.3
10 ﬁ 25 g EE ~ on
0

o< ., A 0
—_— [ S— A
# #
E CTX 4wks F Oc.S/BS Oc.N/BS
veh 1,25D, ED veh 1,25D, ED veh 1,25D, ED
g 2
35 14
38 * . 0 12 é [ placebo
30 25 109 omd <
—E‘ éﬂ Qa = 20 £ 8 "@! Il GC
S 2 %‘ EREN . et 15 Es Q
S 14 E L. @i 10 41 <3
10 -3 5 2
2{ o, & 0 0
0 [e—— [—)
[E— —
#
[

Figure 2. Increased VDR signaling protects the skeleton from bone loss and microarchitecture deterioration by
blocking GC effects of remodeling. (A) BMD and (B) cancellous bone volume (BV) normalized by tissue volume (TV)
and representative 3D reconstructed cancellous bone images. Scale bar: 1 mm. Cortical bone area (BA) normalized by
tissue area (TA) and material density after 8 weeks of the indicated treatments: slow-release pellet implantation of
either 2.1 mg/kg/d prednisolone or placebo and gavaging of 50 ng/kg/d 1,25D,, ED, or vehicle 5 times per week for 8
weeks. (C and E) Sera PINP, OCN, and CTX levels. n = 10-12. (D) Histomorphometric quantification of bone formation
rate (BFR) and mineralizing surface (MS) normalized by bone surface (BS) in longitudinal sections of lumbar verte-
bral L1-L3 cancellous bone. n = 5-10. (F) Osteoclast surface (Oc.S) and number (Oc.N) normalized to bone surface
(BS). n =5-8. *P < 0.05 vs. corresponding placebo treated, #P < 0.05 vs. corresponding vehicle treated, *P < 0.05

vs. corresponding 1,25D, treated by 2-way ANOVA, Tukey's post hoc test, ®P < 0.05 vs. placebo and vehicle-treated
controls by 1-way ANOVA, Dunnett’s method post hoc test.

histomorphometry (Figure 2, C and D). Both VDR ligands blocked GC-suppressive actions on bone formation
indexes as detected in the circulation and at the tissue level. In addition, 1,25D, by itself reduced PINP and
OCN, while ED decreased PINP and BFR/BS, and both metabolites decreased mineralizing surface/BS. Min-
eral apposition rate (MAR) was not altered by any of the hormones in general, with an exception for a slightly
lower MAR level with ED versus 1,25D, within GC-treated animals (Supplemental Figure 1B).

GC stimulated resorption as CTX was elevated as early as 4 weeks and maintained by 8 weeks and by
increased osteoclast surface and number on bone (Figure 2, E and F, and Supplemental Figure 1C). The GC-in-
duced resorption occurred without alterations in circulating calcium or phosphate (Supplemental Table 1 and
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Figure 3. VDR ligands prevent GC adverse actions on bone mechanical properties, fully and partially, at the tissue and collagen fibril level, respectively.
Mice were implanted with 2.1 mg/kg/d prednisolone or placebo slow-release pellets and gavaged with 50 ng/kg/d 1,25D,, ED, or vehicle 5 times per week
for 8 weeks. (A) Structural and (B) material properties of bone, as assessed by 3-point bending of femurs. MPa, megapascal. n = 10-12. (C) Images for sam-
ple preparation for tensile testing utilized in synchrotron small-angle x-ray scattering (SAXS) analyses. (D) Ultimate and yield strain, as assessed by SAXS
strain vs. stress curve analysis of combined ulnae and radii bones undergoing uniaxial tension testing. (E) Tissue strain was time matched to collagen
strains (SAXS strain vs. strain curve analysis) at yield and maximum stress for comparisons of stress-carrying components with bone during deformation.
n =7-12. *P < 0.05 vs. corresponding placebo treated, #P < 0.05 vs. corresponding vehicle treated, “P < 0.05 vs. corresponding 1,250, treated by 2-way
ANOVA, Tukey's post hoc test, ®P < 0.05 vs. placebo and vehicle-treated controls by 1-way ANOVA, Dunnett’s method post hoc test.

Supplemental Figure 1), with the exception of a transient increase of phosphate levels at 4 weeks that was not
sustained. These findings are indicative of vitamin D-replete animals and also suggest an absence of patho-
logic impaired kidney/PTH/FGF-23 signaling at this stage of the GC disease. Both vitamin D metabolites
protected against GC-induced increases in CTX, when compared with GC controls after 4 and 8 weeks. How-
ever, GC-induced increases were still detectable within 1,25D -treated, but not ED-treated, animals, indicating
a distinction in the level of protection between the 2 ligands (i.e., partial with 1,25D, vs. full with ED). The
partial 1,25D, protection against CTX increases with GC also corresponds with the partial prevention of GC
reductions in total and femoral BMD and the cortical bone fraction BA/TA (Figure 2, A and B). In contrast,
1,25D, completely blocked GC increases in osteoclasts on cancellous bone (Figure 2F), which correspond to
the full skeletal protection exhibited in BMD of the lumbar spine and the cancellous bone fraction BV/TV (Fig-
ure 2, A and B, and Supplemental Figure 1A). The protective actions of 1,25D, also occurred without changes
in circulating calcium and phosphate (Supplemental Table 1 and Supplemental Figure 1). For ED-treated ani-
mals, GC-induced resorption was fully blocked as indicated by CTX and osteoclast quantification (Figure 2,
E and F), which also correspond to the full preservation of BMD at all 3 sites (Figure 2A and Supplemental
Figure 1A). Additionally, ED alone profoundly decreased CTX measured at 4 and 8 weeks (Figure 2E and
Supplemental Figure 1C) and osteoclast number (Figure 2F), whereas 1,25D, decreased resorption transiently
at 4 weeks. The marked ED suppression of resorption also occurred with a robust elevation of calcium levels
detected at 4 and 8 weeks in all ED-treated animals, but overall, without alterations in phosphate levels (Sup-
plemental Table 1 and Supplemental Figure 1). Taken together, the blockage of GC-stimulated resorption by
both metabolites underlies the skeletal benefits exhibited on bone mineral and microarchitecture. No evident
soft tissue calcifications were detected during dissections of muscle, liver, or heart. Furthermore, ex vivo
dual-energy X-ray absorptiometry (DXA) scans of these tissues did not reliably detect calcifications, as exem-
plified for hearts in Supplemental Figure 4, with a femur included as a positive control.
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Figure 4. VDR ligands partially protect against skeletal and cardiac muscle dysfunction induced by GC. Mice were implanted with 2.1 mg/kg/d prednisolone
or placebo slow-release pellets and gavaged 5 times per week with 50 ng/kg/d 1,25D,, ED, or vehicle for 8 weeks. (A) Lean body mass and (B) skeletal muscle
function, as assessed by plantarflexion torque in vivo testing measured after 4 weeks of the indicated treatments. n = 10-12. *P < 0.05 vs. corresponding
placebo treated, by 2-way ANOVA for A and by 2-way repeated-measures ANOVA, Tukey’s post hoc test for B. Main group effects are indicated by red symbols:
red *P < 0.05 all corresponding placebos vs. all corresponding GC, red #P < 0.05 all corresponding vehicles vs. all corresponding EDs, red *P < 0.05 all corre-
sponding 1,250, vs. all corresponding EDs by 2-way repeated-measures ANOVA, Tukey's post hoc test. (C) Left ventricle (LV) wall thickness of the anterior and
posterior surfaces at diastole and systole, as measured by Vevo2100 Imaging System ultrasound biomicroscopy system in vivo. (D) Representative images,

LV end systolic diameters, LV systolic volume, fractional shortening, and ejection fraction generated from ultrasound echocardiograms (scale bars: 1mm). n =
5 placebo-treated, n = 10-12 GC-treated. *P < 0.05 vs. corresponding placebo treated, #*P < 0.05 vs. corresponding vehicle treated, P < 0.05 vs. corresponding
1,250, treated by 2-way ANOVA, Tukey's post hoc test, “P < 0.05 vs. placebo and vehicle-treated controls by 1-way ANOVA, Dunnett’s method post hoc test.

The VDR ligands partially protect against bone fragility by GC excess at the whole tissue and collagen fibril levels. As
reported earlier (13, 16), GC weakened bone by impairing structural and material properties, quantified by
femoral 3-point bending mechanical tests (Figure 3, A and B). Overall, 1,25D, or ED alone did not change any
of these indexes, but 1,25D, significantly increased ultimate force. GC lowered all mechanical properties, even
in 1,25D -treated animals, and also decreased ultimate force and stress in ED-treated mice. However, bones
from GC+1,25D, and GC+ED mice exhibited similar mechanical properties to those of vehicle placebo control
mice, indicating partial protection by the VDR ligands. In general, 1,25D,/ED exhibited similar effects on bone
mechanical properties, except for an increase in ultimate force with ED- versus 1,25D, in GC-treated mice.
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Table 1. Femoral cancellous and cortical bone microarchitecture

Femur Placebo vehicle GC vehicle Placebo 1,25D, GC1,25D, Placebo ED GCED
Cancellous
BV/TV (%) 2.99 + 0.95 1.90 + 0.8148 311+0.93 2.37+1.20 4,48 +1.048C0 3.67 + 0.88°P
Tb.N (1/mm) 2.90 £ 0.25 2.53 + 0.36"¢ 2.82+0.21 2.76 +0.38 3.03+0.28 2.73 £ 0.34%
Tb.Th (mm) 0.037+0.004 0.038 + 0.005 0.043 +0.0085¢ 0.040 + 0.007 0.043 + 0.0058¢ 0.047 + 0.0065¢°
Tb.Sp (mm) 0.34+0.03 0.40 + 0.0748 0.35+0.02 0.37+0.06 0.33+0.03 0.37 +£ 0.05*
Cortical
BA/TA (%) 51.60 + 0.93 4746 + 0.9148 53.39 + 1.688¢ 49.48 +1.98A8¢C 53.44 +1.578¢ 50.93 + 1.86"¢
Ct.Th (mm) 0.206 + 0.004 0.187 + 0.005*# 0.218 + 0.0098¢ 0.196 + 0.0128¢ 0.215 + 0.005°¢ 0.203 + 0.009*¢
Ma.Ar (mm?) 0.15 + 0.006 0.17 + 0.005*# 0.14 £ 0.01° 0.16 + 0.008A¢ 0.15 +0.010 0.16 + 0.0MAC
Material density 11924 +7.0 11791 + 16.9%8 1,203.7+9.9 1191.2 £ 74A¢ 1198.2+12.8 1,201.6 £ 11.6
(HA/ccm)

Mice were implanted with placebo or 2.1 mg/kg/d prednisolone slow-release pellets and gavaged 5 times per week with 50 ng/kg/d 1,25D,, ED, or vehicle
for 8 weeks. Cancellous bone of the distal femur, as assessed by micro-CT imaging for indexes of bone volume (BV), tissue volume (TV), trabecular
number (Tb.N), trabecular thickness (Tb.Th), and trabecular separation (Tb.Sp). Cortical bone of the femoral midshaft, as measured by micro-CT imaging
for indexes bone area (BA), tissue area (TA), cortical thickness (Ct.Th), marrow area (Ma.Ar), and material density. n = 10-12. P < 0.05 vs. corresponding
placebo treated by 2-way ANOVA, Tukey'’s post hoc test, 8P < 0.05 vs. placebo and vehicle-treated controls by 1-way ANOVA, Dunnett’s method post hoc
test, °P < 0.05 vs. corresponding vehicle treated, °P < 0.05 vs. corresponding 1,250, treated by 2-way ANOVA, Tukey's post hoc test.

Consistent with the increased resorption and decreased material density, GC negatively impacted the
mineral/matrix interactions at the collagen fibril level, as assessed by tensile testing with small-angle x-ray
scattering (SAXS) (Figure 3, C-E). GC increased both the ultimate and yield strain, indicating increased
bone deformation (Figure 3D). In other words, bones from GC-treated animals lose their shape at lower
applied forces. In contrast, both VDR ligands decreased ultimate and yield strain regardless of GC pres-
ence, thus bones maintain their shape at higher forces. These results indicate prevention of GC-induced
deformation by VDR ligands, which is further supported by a shift induced by 1,25D, and ED in the colla-
gen fibril strain versus (bone) tissue strain curve analysis derived from SAXS, although the curves did not
reach significance (Figure 3E and Supplemental Figure 2, A and B).

In summary, these findings detect GC-induced bone fragility in mechanical properties at the tissue and
collagen fibril levels, which were, overall, prevented, partially at the tissue level and fully at the collagen
fibril, by the VDR ligands.

VDR ligands partially protect against skeletal muscle dysfunction induced by GC. GC decreased lean body
mass, an index of skeletal muscle mass assessed by DXA, and impaired skeletal muscle function quantified
in vivo by plantarflexion torque testing, which measures the posterior musculature compartment of the
hindlimb as a functional unit (Figure 4, A and B). Both 1,25D, and ED prevented reductions in lean body
mass by GC. Furthermore, 1,25D, fully prevented skeletal muscle weakness by GC. In contrast, ED failed
to prevent GC-induced weakness. Neither VDR ligand by itself altered lean body mass, and 1,25D, did
not alter skeletal muscle strength. In contrast, ED overall increased muscle strength compared with vehi-
cle-placebos and 1,25D,-placebos, as detected by main group comparisons for all frequency stimulations,
although comparisons within each specified frequency did not reach statistical significance. In general,
comparisons between the two metabolites revealed no detectable distinctions in lean body mass or skeletal
muscle function, with the exception that ED elicited higher plantarflexion torque values than 1,25D, when
comparing all frequency stimulations as a main group effect.

The 1,25D, preservation of skeletal muscle detected by lean body mass and function exhibited after
4 weeks (Figure 4, A and B) was not sustained, as GC decreased the wet weight of isolated muscles after
8 weeks (Supplemental Figure 1D). In addition, after 8 weeks, ED by itself notably lowered muscle wet
weight, which was not further reduced by GC administration. Overall, 1,25D, fully and ED partially pro-
tected against muscle wasting and weakness induced at early stages of GC excess.

This distinction between 1,25D, and ED regarding muscle also corresponds with intrinsic dif-
ferences between the metabolites regarding circulating calcium levels. By itself, ED, but not 1,25D,,
induced increases in sera calcium after 4 weeks, which were sustained after 8 weeks of treatment (Sup-
plemental Table 1 and Supplemental Figure 1). In contrast, calcium was not elevated in 1,25D -treated
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animals, with the exception of a transient increase at 4 weeks with GC+1,25D,, which was not main-
tained at 8 weeks.

VDR ligands preserve cardiac function against adverse GC actions in vivo. GC decreased the wall thickness of
the left ventricle (LV) at both the anterior and posterior surfaces at diastole and systole (Figure 4C), a recog-
nized hallmark of early-phase eccentric hypertrophy induced by GC (17, 26). Both vitamin D, metabolites
prevented GC-induced LV thinning at both surfaces and contraction phases. However, the LV wall was
thinner in all GC-treated mice compared with vehicle-placebo controls. Overall, the VDR ligands alone
did not alter LV thickness, except for a slight decrease induced by ED in the posterior wall at systole (but
not at any other surface or contraction phase). These findings demonstrate that both VDR ligands partially
prevented GC-induced thinning of the LV wall.

At this early disease stage, GC did not alter LV mass index in absolute values or when normalized by each
mouse’s own body weight or heart weight (Supplemental Figure 3, A and B). In addition, the VDR ligands did
not alter LV mass or heart weight, and no differences in body weight were detected with GC or either VDR
ligand alone or in combination. GC also induced early signs of cardiac dysfunction, as detected by increased
LV end-systolic diameters and decreased fractional shortening, which drive increased LV systolic volume and
decreased ejection fraction, respectively (Figure 4D). Although neither 1,25D, nor ED alone affected these
functional cardiac indexes, GC-induced cardiac dysfunction was fully prevented by 1,25D, or ED.

Targeting the atrogene pathway by pharmacologic and genetic means confers protection against disease by GC
excess in the musculoskeletal and cardiac systems. To investigate the impact of atrogene upregulation by GC to
proteasomal activity, we examined whether proteasomal inhibition protects against GC action.

Induction of osteoblast apoptosis is a recognized feature of GC excess in vitro and in vivo (27, 28). We
found that the proteasomal inhibitor bortezomib prevented dexamethasone-induced OB-6 osteoblastic cell
death in vitro (Supplemental Figure 3C). Moreover, the decrease in BMD induced by GC was prevented at
all 3 skeletal sites in vivo by the proteasomal inhibitor carfil (Figure 5A), which also prevented GC decrease
in the bone formation marker P1NP (Figure 5B), without alterations in body weight (Figure 5C). Carfil also
protected skeletal muscle from the adverse GC actions (Figure 5, D and E), preventing the decrease in wet
muscle weight induced by GC. Carfil also abolished GC-induced muscle weakness detected at frequency
stimulations of 150-300 Hz and increased muscle strength at 75-100 Hz. Carfil by itself did not affect
BMD, markers of bone formation, muscle wet weight, body weight, or skeletal muscle function (Figure 5).

We next examined the specific role in GC action of the atrogene MuRF1. In vitro, GC failed to decrease
matrix mineral production in MuRFI knocked down OB-6 cells whereas it reduced mineral deposition in
noninfected control or scrambled control (SCR) cells (Figure 6, A and B). In vivo, genetically modified mice
lacking the ubiquitination function of MuRF1 (ARING mice) (29) exhibited a partial and transient protection
against GC, as the reductions in femoral and total BMD observed in WT littermate control mice were blunted
in ARING mice at 2 but not at 4 weeks of GC treatment (Figure 6, C and D). Furthermore, the increase in
circulating TRAP 5b induced by GC in WT mice was only corrected in ARING mice at 2 weeks but not at 4
weeks (Figure 6E). Moreover, GC decreased P1NP levels in both WT and ARING mice. Loss of MuRF1-me-
diated ubiquitination by itself did not alter BMID or markers of bone resorption or formation or body weight
(Figure 6F). At 4 weeks, expression of the other atrogenes Atroginl and MUSAI and of UbC, a polyubiquitin
precursor crucial for proteosomal activity, is increased in bones of ARING mice (Supplemental Figure 3),
suggesting that when the ARING mice lose protection from GC, there is a compensatory increase in other
components of the proteosomal pathway.

In contrast to bone, skeletal and cardiac muscles were fully protected from GC-induced deterio-
ration of tissue structure and function in ARING mice (Figure 6, G-I). Thus, in vivo muscle function
was not impaired by GC in ARING mice (Figure 6G), and ARING mice were also protected from
GC-induced muscle loss (Figure 6H). Similarly, whereas WT littermates exhibited GC-induced car-
diac dysfunction, ARING mice were protected. Furthermore, GC increased LV systolic volume and
LV end-systolic diameters and decreased ejection fraction and fractional shortening in WT but not in
ARING mice (Figure 61 and Table 2). The lack of GC effects in LV wall thickness, LV mass, or body
weight indicates an earlier disease state in the 4-week versus 8-week study (Figure 4, C and D). Of note,
ARING mice administered placebo displayed a basal phenotype characterized by signs of inefficient
cardiac contraction/function and increased heart weight compared with WT littermate mice. These
findings suggest that the cardiac disease exhibited by mice with global MuRF1 deletion (30) is due to the
MuRF1-mediated ubiquitination versus other functions.

JCl Insight 2024;9(21):e182664 https://doi.org/10.1172/jci.insight.182664 8


https://doi.org/10.1172/jci.insight.182664
https://insight.jci.org/articles/view/182664#sd
https://insight.jci.org/articles/view/182664#sd
https://insight.jci.org/articles/view/182664#sd

RESEARCH ARTICLE

A BMD 2wks B PiINP C  body weight
total femur spine
veh carfil veh carfil veh carfil veh carfil veh carfil
6.0 8.0 9.0 25 28
‘é 56 * 75 * i 80 § 20 * ”
3 52 @i 70 % 70 E 18] o
g S g
§ 4 oS a Ak 20
R SR LR ° 1
0 i # 0 0 b 0 0
D muscle weights E  muscle function
. veh carfil
TA quadriceps 0.20 0.20 M
veh carfil veh carfil 0.16 0.16 #
>4 *
24 . *\E‘ 0.12 . xx 012
L * * ok ok ox
2™ 1[I %* EE Z o008 0.08
(=]
E16 % @ % 0.04 0.04
12 3
0.2 j # 0+ T T T T T 1 0 T T T T T 1
0 0 0 50 100 150 200 250 300 0 50 100 150 200 250 300
Hz Hz
[ placebo M GC =0~ placebo, veh =/x= placebo, carfil
=@ GC, veh =&~ GC, carfil

Figure 5. Interference with the atrogene pathway confers musculoskeletal protection against excessive GC. Mice
were implanted with 2.1 mg/kg/d prednisolone or placebo slow-release pellets and treated with 5 mg/kg/d carfil-
zomib or vehicle by intraperitoneal injection 2 times per week for 2 weeks. (A) BMD, (B) sera PINP, (C) body weights,
and (D) isolated skeletal muscle weights 2 weeks after the indicated treatments. n = 10-12. *P < 0.05 vs. corre-
sponding placebos, *P < 0.05 vs. corresponding vehicle-treated, by 2-way ANOVA, Tukey's post hoc test. (E) Skeletal
muscle function, as assessed by plantarflexion torque in vivo testing measured after 2 weeks of the indicated
treatments. n = 11-12. *P < 0.05 vs. corresponding placebos, #P < 0.05 vs. corresponding vehicle-treated. Main group
effects are indicated by red symbols: red *P < 0.05 all corresponding placebos vs. all corresponding GC, by 2-way
repeated-measures ANOVA, Tukey’s post hoc test.

Discussion

This study demonstrates that upregulation of atrogene expression underlies the damaging actions of GC in
the bone, skeletal muscle, and the heart and that pharmacologic or genetic interference with the atrogene
pathway prevents the mass/structure and function deterioration induced by GC in these tissues (Figure
7). Our work identifies the atrogene MuRF1 and its ubiquitination function as a critical mediator of GC
action. We also show that two pharmacologic strategies targeting proteasomal proteolysis protect against
GC actions: ligands of the vitamin D receptor (VDR) that prevent atrogene upregulation by GC and direct
inhibition of the proteasome. These findings pave the way toward the development of strategies protecting
against undesirable and life-threatening GC side effects in multiple tissues by targeting a single pathway.
Thus, our findings challenge the standard of care in which GC-induced pathologies are treated separately
in bone, muscle, and the heart.

GC-induced bone disease is treated with antiresorptive agents (bisphosphonates as alendronate, rise-
dronate, zolendronic acid, or anti-RANKL antibody denosumab), with pure anabolic agents (teriparatide
or abaloparatide), or with the dual-action anabolic/antiresorptive agent antisclerostin antibody (romo-
sozumab), all of which lower the fracture risk (31-34). Yet, these strategies exhibit side effects. Inhibition
of resorption stops GC-induced bone loss but suppresses bone formation even more (33, 35) and further
reduces bone turnover over GC alone, resulting in microdamage accumulation, avascular osteonecrosis,
and/or atypical low-trauma fractures (36, 37). Anabolic therapies are only effective for a limited period of
time, as peak levels of bone formation are not sustained and eventually decrease (33, 34, 38—40). The effect
of the antisclerostin antibody decreases over time as well, and this therapy is only approved by the FDA
for high fracture risk osteoporotic women due to potential adverse cardiovascular risks (39, 41). All these
treatments have substantial costs, and there is limited health insurance coverage (42, 43). Bone and muscle
function as a mechanical unit; however, antiosteoporotic therapies do not protect from skeletal muscle
atrophy. Furthermore, there are no effective approved therapies for sarcopenia. Regarding GC-associated
CVD, it is recommended the use of the lowest dose for the shortest duration of synthetic GC with low
affinity for the mineralocorticoid/aldosterone receptor (MR) (44). In addition, MR antagonists use and
close monitoring for heart failure are recommended (45, 46). However, MR antagonists induce kidney
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Figure 6. Loss of MuRF1-mediated ubiquitination prevents GC dysfunction in skeletal and cardiac muscle, but only temporarily in bone, in vivo. (A and
B) MuRF1 expression was quantified by qPCR in OB-6 cells not infected (controls [C]) or infected with GFP-labeled lentivirus containing scramble shRNA
(SCR) or shRNA directed to silence MuRF1. (A) *P < 0.05 vs. non-infected cells by 1-way ANOVA, Dunnett's method post hoc test. (B) Mineralization was
visualized by Alizarin Red S staining followed by optical density quantification (absorption 405 nm), read in duplicate. Representative images for GFP
visualization are shown. Scale bars: 200 pm. n = 4-6, *P < 0.05 vs. vehicle-treated, by Student’s t test. (C-1) WT littermates and mice lacking MuRF1-me-
diated ubiquitination due to deletion of the RING region (ARING) were implanted with slow-release pellets delivering 2.1 mg/kg/d (GC) prednisolone or pla-
cebo. (C and D) BMD and (E) sera TRAP 5b and PINP, (F) mouse body weights, and (H) wet weight of isolated muscles. n = 10-12. *P < 0.05 vs. correspond-
ing placebos, #P < 0.05 vs. corresponding WTs, by 2-way ANOVA, Tukey's post hoc test. (G) Skeletal muscle function, as assessed by plantarflexion torque
in vivo testing, measured after 2 and 4 weeks of the indicated treatments. n = 10-12. *P < 0.05 vs. corresponding placebo treated. Main group effects are
indicated by red symbols: red *P < 0.05 all corresponding placebos vs. all corresponding GC by 2-way repeated-measures ANOVA, Tukey's post hoc test. (I)
Left ventricle (LV) systolic volume and ejection fraction, as assessed by ultrasound echocardiography. n = 11-12. *P < 0.05 vs. corresponding placebos, #P <
0.05 vs. corresponding WT, by 2-way ANOVA, Tukey'’s post hoc test.

dysfunction and do not protect from GC receptor-induced atrioventricular block (47). Overall, there is a
clear need for the development of new strategies to mitigate the damaging and potentially fatal side effects
of GC in multiple tissues.

Our study shows that activation of VDR signaling with the active metabolites 1,25D, or ED offsets the
actions of GC in the musculoskeletal and cardiac systems. GC therapy increases the risk of falls by 2.8-fold
within the first 3 months of treatment (48), with concomitant enhanced prevalence of bone fractures (28, 49).
In contrast, vitamin D supplementation improves muscle function to reduce falls and lowers bone fracture
risks in some studies (23, 50-55). However, the decrease in falls and/or the gain in muscle strength associat-
ed with vitamin D supplementation are not consistently detected (23, 56-59). The discrepancies in observed
benefits in muscle and bone of vitamin D supplementation have been attributed to variations in individual
baseline vitamin D status (replete, insufficient, deficient), dosage (200-200,000 IU), frequency (daily, month-
ly, quarterly), and duration (6 months to 5 years) of treatments; presence of calcium supplementation; levels
of total versus free, nonprotein bound, 250HD,; and fracture type (hip, vertebral, nonvertebral, fall related)
(59-61). Nevertheless, despite the clinical inconsistencies, our findings show that increased VDR activation
lessens musculoskeletal atrophy in the context of GC excess and vitamin D replete status.
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Table 2. Cardiac echocardiography results in WT and ARING mice

Placebo WT GCWT Placebo ARING GC ARING
LV anterior wall thickness; diastolic (mm) 0.58 + 0.06 0.61+0.08 0.56 + 0.08 0.60 + 0.05
LV anterior wall thickness; systolic (mm) 0.74 +0.09 0.73 +£0.09 0.71+0.08 0.77+0.10
LV posterior wall thickness; diastolic (mm) 0.67 £ 0.15 0.67 +0.09 0.67 +£0.10 0.72+0.14
LV posterior wall thickness; systolic (mm) 0.98 +0.22 0.88+0.10 0.88 + 0.01 0.93+0.14
LV end systolic diameters (mm) 1.97+0.28 2.26 £ 0.21* 2.34 +0.18° 2.23+0.30
Fractional shortening (%) 42.0+34 377 +34° 36.0 +2.2° 38.5+4.9
LV mass index (mg) 68.3+12.6 74.4 £13.1 73.8 £17.7 78.7 £14.7
LV mass index/body weight (mg/g) 27+04 31+0.8 2.8+0.5 3.2+0.6
Body weight (g) 26.2+3.5 24.3 +3.5 27.0+3.6 241+ 274
Heart wet weight/body weight (mg/g) 4.8+0.5 4.98 + 0.6 542 +0.7° 5.72 +0.88°

WT littermates and mice lacking MuRF1-mediated ubiquitination due to deletion of the RING region (ARING) were implanted with slow-release pellets
delivering 2.1 mg/kg/d (GC) prednisolone or placebo. Left ventricular (LV) wall thickness of the anterior and posterior surfaces, as measured during diastolic
and systolic contractions, as assessed by in vivo ultrasound echocardiography. LV mass index and heart wet weight are both shown. n=11-12. P < 0.05 vs.
corresponding placebos, P < 0.05 vs. corresponding WTs, by 2-way ANOVA, Tukey's post hoc test.

Although both VDR ligands largely exhibited similar benefits, our study detected notable distinctions.
We originally selected ED based on previous reports showing it to be less hypercalcemic than 1,25D, in
rodent models (62). However, we found that ED induced hypercalcemia earlier and to a higher extent
compared with 1,25D, (Supplemental Table 1 and Supplemental Figure 1). Consistent with our findings,
increased circulating calcium was reported in estrogen-deficient rodents treated with ED (62-64). Further-
more, clinical reports detected hypercalcemia as the most common adverse reaction to ED administra-
tion; although this side effect only occurs in 0.88% of the participants, with most of these individuals also
exhibiting renal impairment (65). Therefore, less hypercalcemic VDR ligands might represent alternative
strategies to prevent GC-induced musculoskeletal and cardiac disease.

Another difference between the VDR ligands is the superior benefits of ED compared with 1,25D; at all
3 bone sites, which correspond to stronger suppression of bone resorption. In line with our findings, ED low-
ered osteoclasts in other rodent studies (63, 64) and decreased resorption markers in clinical studies (65). Only
1,25D, exhibited protective effects on GC-induced muscle weakness. ED’s inability to prevent muscle weak-
ness might be due to its earlier and higher hypercalcemic action, which causes muscle fatigue and weakness
(66-68). Indeed, mice treated with ED alone exhibited lower tibialis anterior and quadriceps muscles weight,
potentially resulting from ED-induced hypercalcemic muscle loss. Evidently, this hypercalcemic effect of ED
masks any potential protective effect of the ligand, whereas the beneficial effect of 1,25D, is patent because
of its lower hypercalcemic action. These findings suggest that VDR activation exerts in skeletal muscle two
distinct actions: a direct protective effect due to interference with the atrogene pathway and a secondary
adverse muscle wasting action mediated by increased calcium absorption/reabsorption in the intestine/kid-
ney leading to hypercalcemia. Additionally, the distinct bone and muscle responses to the VDR ligands might
be explained by different pharmacokinetics and/or binding affinity for the vitamin D binding protein or the
VDR (69-71). ED has a notably longer systemic half-life in circulation compared with 1,25D;, potentially
explaining its greater potency (69, 71, 72). Nonetheless, our study demonstrates a clear proof of concept that
pharmacologic VDR activation prevents GC action in bone and skeletal muscle. Future studies are needed to
validate the notion that the vitamin D analogs act directly through the VDR expressed in muscle.

Our study revealed that the VDR ligands exhibit superior skeletal protection compared with either
pharmacologic or genetic inhibition of proteasomal proteolysis, whereas both interventions were equality
effective in protecting skeletal muscle and the heart from GC excess. While both 1,25D, and proteasomal
inhibitors are clinically available treatments, 1,25D, might be the safer strategy as proteasomal inhibitors
are linked to increased cardiovascular toxicity in patients with active multiple myeloma disease receiving
also a combination of anticancer therapies (73).

Importantly, our study demonstrates protection from GC excess by 1,25D, or ED in vitamin D—
replete status, as mice were fed a regular diet, exhibited no changes in circulating calcium, and dis-
played only a small and transient increase in circulating phosphate after 4 but not 8 weeks of GC
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Figure 7. Atrogene upregulation is a central mechanistic hub underlying the damaging actions of GC excess in bone,
skeletal muscle, and the heart. Interfering with the E3 ubiquitin (ub) ligase (atrogene) pathway via increased vitamin
D, (Vit Dz) signaling blocks the deterioration of tissue structure and function in the musculoskeletal and cardiac
systems. Likewise, usage of proteasomal inhibitor carfilzomib preserves bone and skeletal muscle in the setting of
excessive GC, indicating that proteasomal-driven protein catabolism mediates musculoskeletal atrophy by GC. Like-
wise, genetic loss of function of MuRF1-mediated ubiquitination protects against adverse GC actions in muscle tissues
(both skeletal and cardiac) and initially protects bone. Overall, these in vivo findings demonstrate (a) that the atrogene
pathway is commonly upregulated in excessive GC disease in 3 distinct and highly specialized tissues, bone, skeletal
muscle, and the heart; (b) that increased vitamin D, signaling preserves tissue structure and function by interfering
with GC actions on the atrogene pathway in each of these organs; and (c) that MuRF1's molecular ubiquitination func-
tion is the mechanistic contributor to the loss of tissue structure and function in skeletal and cardiac muscle tissues.

treatment (Supplemental Table 1 and Supplemental Figure 1). These preclinical findings support the
notion that VDR activation might be beneficial in the context of GC excess, even in vitamin D -suf-
ficient patients, in addition to insufficient or deficient individuals. This concept is consistent with the
current guidelines of the American College of Rheumatology that recommend vitamin D supplemen-
tation in GC-induced osteoporosis without discriminating vitamin D status (74). Nevertheless, future
studies are warranted to provide the mechanistic basis of the interplay between vitamin D and GC in
the musculoskeletal system.

Regarding the cardiovascular system, GC excess increases the risk for cardiovascular events and pro-
motes heart failure (11, 75, 76). Remarkably, low circulating 250HD, is associated with increased risk
for CVD, CVD-related mortality, coronary heart disease, peripheral arterial disease, and heart failure, as
detected in a meta-analysis involving over 65,000 participants and reported by the National Health and
Nutrition Examination Survey (77-80). Some clinical reports, but not all (59, 81), have also recently detect-
ed improved survival outcomes and additional cardiac/cardiovascular benefits with vitamin D supplemen-
tation in patients with heart failure (24, 82) or VDR agonists in patients with chronic renal failure (83, 84).
Overall, these clinical reports and our findings support the notion that increased vitamin D signaling could
aid in other cardiac/cardiovascular pathologies, like the one induced by GC excess. However, future stud-
ies are warranted to determine the dose and frequency/route of administration of VDR ligands that elicit
VDR activation benefits without inducing hypercalcemia.

The studies reported here are the first to our knowledge to link VDR activation with atrogene expres-
sion in the context of GC excess in bone, muscle, and the heart. Interestingly, VDR ligands downregulated
both MuRF1 and Atrogin! similarly in bone and muscle, but only MuRFI in the heart, readily corresponding
to improving cardiac function. We also identified protein ubiquitination as the critical molecular function of
MuRF1 required for GC damaging actions in these tissues, as mice lacking the RING domain in MuRF1 are
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protected from GC action. However, bone is only temporary protected, suggesting that other long-term GC-in-
duced effects cause bone loss even in the absence of MuRF1-mediated protein ubiquitination/degradation.
MuRF1 has multiple molecular functions in skeletal and cardiac muscle, as it is a scaffold for focal adhesion
kinases; binds serum release factor (85), titin (86), and RACK1 (87); and can induce transcription via transloca-
tion into the nucleus (86). Future studies are warranted to ascertain whether MuRF1 exhibits these additional
molecular functions in bone and whether alternative MuRF1 roles contribute to GC-induced osteoporosis.

In summary, this study demonstrates that the MuRF1/atrogene pathway underlies GC action in bone,
muscle, and the heart, and it can be pharmacologically or genetically targeted to confer protection against
the damaging actions of GC in the 3 tissues.

Methods

Sex as a biological variable. Bone responses to GC excess are similar for male (88-90) and female (14, 16, 25)
mice. In addition, male mice caged together are prone to fight; and sexual dimorphic responses to vitamin
D metabolites or proteasomal inhibitors have not been reported. Therefore, we selected female C57BL/6J
mice for the pharmacologic intervention studies utilizing ligands 1,25D,, ED, or carfil. For the ARING (29)
and WT littermate studies, female and male mice were equally utilized to account for the possibility of sex
being a biological variable.

Mice. Mice were fed a regular diet (Teklad Global 18% Protein Extruded Rodent Diet Sterilizable,
2018SX, Harlan/ENVIGO), received water ad libitum, and were maintained on a 12-hour-light/dark cycle
in polycarbonate cages. Mice were implanted with 90-day slow-release pellets delivering placebo or 2.1 mg/
kg/d (GC) prednisolone (Innovative Research of America) (13, 14, 16, 25). GC treatment did not affect
the body weight (Figure 5 and Supplemental Figure 3B). Three days before pellet implantation, C57BL/6J
mice were gavaged with vehicle (Medium-chain triglyceride, Amazon), 1,25D, (Santa Cruz), or the active
vitamin D, derivative eldecalcitol-71 (ED) (63, 91) (BOC Sciences) 5 times per week at 50 ng/kg/d for 8
weeks. For the proteasomal inhibitor experiment, 3 days before pellet implantation, C57BL/6J mice were
treated with carfil (Fisher Scientific) 5 mg/kg/d or vehicle (10% captisol in 10 mM citrate solution) i.p. 2
times per week for 2 weeks and then euthanized. All mice were injected 10 and 3 days prior to sacrifice
with 0.6% calcein (30 mg/kg; Sigma-Aldrich) and 1.0% alizarin red (50 mg/kg; Sigma-Aldrich) solutions,
respectively. Mice were euthanized by 2% isoflurane (Abbott Laboratories) with a Drager 19.1 anesthetic
Vaporizer and then by cervical dislocation. Hindlimb muscles and hearts were then isolated and weighed.
To genotype ARING mice, genomic DNA was extracted from tail/ear, followed by PCR reaction using the
following primers: ARING forward primer, GCCCAGACTTTGGGAGGAG, and reverse primer, GCAC-
GCAGCCTCTGAGATG, with probe FAM-TGCTGTGACCATGTTCTTCTCGCCA-TAMRA.

BMD. Lean body mass and BMD of the total body, excluding head and tail, the lumbar spine (L1-
L6), and the femur were measured by DXA by using a PIXImus II densitometer (GE Medical Systems,
Lunar Division) (13, 14) in mice anesthetized with isoflurane. DXA was performed 2—4 days before (ini-
tial) administration of any treatments and 1-day prior to euthanasia (final). Mice were randomized to the
experimental groups based on initial BMD values. Whole hearts were ex vivo imaged (Faxitron UltraFo-
cus, Hologics) and measured by DXA (PIXImus II densitometer, GE Medical Systems, Lunar Division).
Hearts from mice exposed to the same experimental condition were scanned together along with a mouse
femur to validate the approach and control reproducibility and variability of the DXA scan.

Muscle function testing. In vivo muscle function was quantified using the 1205A Whole Mouse/Rat Test
System (Aurora Scientific Inc.) as described previously (14). Briefly, mice were anesthetized with isoflurane
and placed in the supine position with the right ankle at 90 degrees of dorsiflexion and the leg perpendic-
ular to the foot pedal. Two sterile monopolar stimulated electrodes were inserted subcutaneously near the
tibial nerve. Electrode placement and stimulation current were adjusted to achieve the maximum twitch
response and then increased to approximately 35 mA for plantarflexion to ensure supramaximal stimula-
tion of the muscle fibers. The maximum isometric torque (N*m) was recorded for 25-300 Hz stimulation
frequencies, with a pulse width of 0.2 milliseconds and train duration of 200 milliseconds, and then nor-
malized by mouse body weight (kg). Data were recorded using the Dynamic Muscle Control/Data Acqui-
sition and Dynamic Muscle Control Data Analysis programs (Aurora Scientific Inc.).

Echocardiography. Echocardiography was performed by collecting short-axis B mode recordings using
a Vevo2100 Imaging System (VisualSonics) ultrasound biomicroscopy system with at least 3 independent
waveforms per image for all LV data, as described previously (17, 85).

JCl Insight 2024;9(21):e182664 https://doi.org/10.1172/jci.insight.182664 13


https://doi.org/10.1172/jci.insight.182664
https://insight.jci.org/articles/view/182664#sd

. RESEARCH ARTICLE

Mechanical testing. The mechanical properties of femoral mid-diaphysis were assessed by 3-point bend-
ing using standard methods (16, 92, 93). Femurs were placed with the posterior side down on the bottom
support (9 mm wide) with the descending probe contacted with the central anterior surface and loaded
at a rate of 2 mm/min until failure (100P225 Modular Test Machine), as described previously (16, 93).
Structural/extrinsic properties were derived from the load/displacement curves and then normalized by
the femoral geometry and volume quantified by micro-CT to calculate the material/intrinsic properties,
following published equations (16, 92-94).

Bone microarchitecture. Femurs were dissected, cleaned of soft tissue, and stored in saline-soaked gauze
at —20°C until micro-CT scanning at 10 pm resolution (ScancoMedical, pCT35). Cancellous bone of the
distal femur and cortical bone of the femoral midshaft were quantified as previously published (16) follow-
ing standard nomenclature (95). Representative 3D reconstructed images of bones having numerical BV/
TV values closest to the average per experimental condition were chosen.

Serum biochemistry. Sera were from blood collected after 3 hours of fasting and within 24 hours of the last
treatment by venipuncture of the facial vein with a sterile 18-gauge needle. N-terminal propeptide of type I
procollagen (P1NP), C-terminal telopeptides of type I collagen (CTX), and tartrate-resistant acid phosphatase
form 5b (TRAP 5b) were measured using enzyme-linked immunosorbent assays (Immunodiagnostic Systems
Inc.) (13). Osteocalcin (OCN) was measured using the Mouse Osteocalcin KIA Kit (Alfa Aesar) (16).

Bone histomorphometry. Lumbar vertebrae (L1-L3) fixed in 10% neutral buffered formalin were
embedded undecalcified in methyl methacrylate, as described previously (13, 16). Dynamic histomor-
phometry was performed in 7 um unstained bone sections under epifluorescence microscopy. Histo-
morphometric analysis was performed with a computer and digitizer tablet (OsteoMetrics) interfaced
to an Olympus BX51 fluorescence microscope (Olympus America Inc.). Osteoclasts were quantified
on L2 thin sections stained for TRAP and counterstained with Toluidine Blue (Sigma-Aldrich), as
previously published (13, 16).

SAXS. Ulnae and radii were cleaned of soft tissue and stored in Hank’s Balanced Salt Solution (Gibco)
soaked gauze at —20°C until SAXS testing was performed, as described previously (96). Briefly, synchrotron
SAXS assessed the collagen fibril deformation during uniaxial tension testing of combined ulnae and radii
bones at a beamline 7.3.3. at the Advanced Light Source (LBNL), in situ with a TST350 Tensile Testing
Stage (Linkam Scientific Inc.) at a displacement rate of 2.5 um/s and exposed to x-rays of 10 keV for 0.1
seconds every 5 seconds (97). Tissue strain was time matched to collagen strains at yield and max stress for
comparisons of stress-carrying components with bone during deformation.

Cells and apoptosis quantification. Murine bone marrow—derived OB-6 osteoblastic cells were cultured as
described previously (98). Cells were plated at a density of 15,000 cells/cm? and cultured overnight with
MEMa, 2% FBS, and 1% penicillin/streptomycin (Gibco). Cells were then treated with 3 nM bortezomib
or vehicle (DMSO) for 1 hour, followed by 1 uM dexamethasone or vehicle (EtOH) for 24, 48, or 72 hours.
Trypan Blue (Sigma-Aldrich) uptake was utilized to assess cell death, as previously published (25). Results
are reported as percentage of dead cells normalized by the total cell number.

MuRF1 knockdown. Four different silencing pGFP-C-shLenti vectors directed to MuRFI and 1 SCR
were designed (OriGene). OB-6 cells were cultured to 85%-90% confluence in MEMa, 10% FBS, and 1%
penicillin/streptomycin, followed by infection with lentiviral particles at a multiplicity of infection of 10
and overnight incubation with 8 pg/mL polybrene (Sigma-Aldrich). The next morning additional growth
medium containing 20% FBS was added without removing viral particles. Forty-eight hours after infection,
medium was replaced with 2.5 pg/mL puromycin (Gibco) containing 20% FBS medium for 3 days. Trans-
duced GFP-positive OB-6 cells were then cultured and maintained in 1 pg/mL puromycin.

Mineralization assay. OB-6 cells were plated at 5,000 cells/cm? in MEMa containing 10% FBS and 1%
penicillin/streptomycin, as described previously (25). At confluence, medium was replaced with osteogenic
medium consisting of 50 pg/mL ascorbic acid and 10 mM B-glycerophosphate with 1 pM dexamethasone
or vehicle (EtOH) with or without 3 nM bortezomib or vehicle (DMSO) for 6 or 10 days. Every 2-3 days,
half of the osteogenic medium was replaced. Matrix mineral production was visualized by Alizarin Red S
staining, followed by microplate reader quantification at absorbance 405 nm.

RNA extraction and gPCR. TRIzol (Invitrogen) was used for total RNA extraction, and cDNA was syn-
thesized using the high-capacity cDNA reverse transcription kit (Applied Biosystems), as described previ-
ously (13, 14). Primers and probes for gPCR were designed using the Assay Design Center (Roche Applied
Science) or were commercially available (Applied Biosystems). Relative mRINA expression levels were nor-
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malized to the housekeeping gene ribosomal protein, large P2 (Rplp2) or Gapdh by using the 2 to the power
of negative ACt method as previously published (3, 5).

Ex vivo cultures. Bones and skeletal muscles were harvested from C57BL/6J mice and maintained in
medium (MEMao for bones and DMEM for muscles) containing 10% FBS and 1% penicillin/streptomycin
overnight (14). Cultured tissues were treated with 1 uM dexamethasone or vehicle (EtOH) with or without
1,25D, (10 nM) or vehicle (EtOH) for 6 hours, and then mRNA was isolated as described previously (14).

Statistics. Data are expressed as box plots with overlaid dot plots, where each dot represents an indi-
vidual mouse/sample, and the median is indicated by a line mid-box. Sample differences were assessed
using SigmaPlot 14.5 (Inpixon), with the appropriate analysis indicated in corresponding legends. Means
of experimental groups were detected as different by 1- or 2-way ANOVA. For skeletal muscle function
in vivo assessment, maximum plantarflexion torque values were normalized by each mouse’s own body
weight and analyzed using a mixed-model, 2-way repeated-measures ANOVA, as previously published
(14). All pairwise multiple comparison procedures within 1-way or 2-way ANOVAs were followed by pair-
wise comparisons by Tukey’s or Dunnett’s method post hoc tests. P values of less than 0.05 were consid-
ered significant.

Study approval. Animal procedures were approved by the Institutional Animal Care and Use Committee
of Indiana University School of Medicine or the Division of Laboratory Animal Medicine of the University
of Arkansas for Medical Sciences. Animal care was carried out in accordance with institutional guidelines.

Data availability. All manuscript data sets are provided in the Supporting Data Values file.

Author contributions

TB designed the research. AYS, MC, KM, CAS, ES, JS, PV, BA, and MSW performed the research. AYS,
CAS, BA, and MSW quantified the data. AYS, CAS, MSW, MB, TA, and TB analyzed and interpreted the
data. AYS and TB wrote the paper with edits/comments from CAS, TA, and MB.

Acknowledgments

TB was supported by NIH/National Institute of Arthritis and Musculoskeletal and Skin Diseases grant R01-
AR059357, by Veterans Administration grants IK6BX004596 and 101 BX002104, the Arkansas Research
Alliance, and the UAMS W. P. Rockefeller Cancer Institute. AYS was supported by Indiana University
School of Medicine (T32-AR065971) and the NIH/National Center for Advancing Translational Sciences
(KL2TR003108 and UL1TR003107). MB was supported by the NIH/National Institute of General Medical
Sciences (P20-GM109005). The content is solely the responsibility of the authors and does not necessarily
represent the official views of the US Department of Veteran Affairs, the US government, or the NIH.

Address correspondence to: Teresita Bellido, 4301 W Markham St., Slot 505, Little Rock, Arkansas 72205,
USA. Email: TMBellido@uams.edu.

1. Adami G, Saag KG. Glucocorticoid-induced osteoporosis update. Curr Opin Rheumatol. 2019;31(4):388-393.

2. Best JH, et al. Association between glucocorticoid exposure and healthcare expenditures for potential glucocorticoid-related
adverse events in patients with rheumatoid arthritis. J Rheumatol. 2018;45(3):320-328.

. Laugesen K, et al. Fifteen-year nationwide trends in systemic glucocorticoid drug use in Denmark. Eur J Endocrinol.
2019;181(3):267-273.

4. Fardet L, et al. Prevalence of long-term oral glucocorticoid prescriptions in the UK over the past 20 years. Rheumatology (Oxford).

2011;50(11):1982-1990.

Benard-Laribiere A, et al. Prevalence and prescription patterns of oral glucocorticoids in adults: a retrospective cross-sectional

and cohort analysis in France. BMJ Open. 2017;7(7):e015905.

Overman RA, et al. Prevalence of oral glucocorticoid usage in the United States: a general population perspective. Arthritis Care

Res (Hoboken). 2013;65(2):294-298.

Van Staa TP, et al. Use of oral corticosteroids in the United Kingdom. QJ/M. 2000;93(2):105-111.

Kanis JA, et al. A meta-analysis of prior corticosteroid use and fracture risk. J Bone Miner Res. 2004;19(6):893-899.

Van Staa TP, et al. The epidemiology of corticosteroid-induced osteoporosis: a meta-analysis. Osteoporos Int. 2002;13(10):777-787.

w

o

o

O % N

10. Amiche MA, et al. Fracture risk in oral glucocorticoid users: a Bayesian meta-regression leveraging control arms of osteoporosis
clinical trials. Osteoporos Int. 2016;27(5):1709-1718.
. Souverein PC, et al. Use of oral glucocorticoids and risk of cardiovascular and cerebrovascular disease in a population based
case-control study. Heart. 2004;90(8):859-865.
12. Best JH, et al. Healthcare costs of potential glucocorticoid-associated adverse events in patients with giant cell arteritis. Clini-
coecon Outcomes Res. 2019;11:799-807.

—_
—_

JCl Insight 2024;9(21):e182664 https://doi.org/10.1172/jci.insight.182664 15


https://doi.org/10.1172/jci.insight.182664
https://insight.jci.org/articles/view/182664#sd
mailto://TMBellido@uams.edu
https://doi.org/10.1097/BOR.0000000000000608
https://doi.org/10.3899/jrheum.170418
https://doi.org/10.3899/jrheum.170418
https://doi.org/10.1530/EJE-19-0305
https://doi.org/10.1530/EJE-19-0305
https://doi.org/10.1093/rheumatology/ker017
https://doi.org/10.1093/rheumatology/ker017
https://doi.org/10.1136/bmjopen-2017-015905
https://doi.org/10.1136/bmjopen-2017-015905
https://doi.org/10.1002/acr.21796
https://doi.org/10.1002/acr.21796
https://doi.org/10.1093/qjmed/93.2.105
https://doi.org/10.1359/JBMR.040134
https://doi.org/10.1007/s001980200108
https://doi.org/10.1007/s00198-015-3455-9
https://doi.org/10.1007/s00198-015-3455-9
https://doi.org/10.1136/hrt.2003.020180
https://doi.org/10.1136/hrt.2003.020180
https://doi.org/10.2147/CEOR.S228400
https://doi.org/10.2147/CEOR.S228400

N
—_

2

w

25.

26.

2
28

=

30.

—

3

34.
35.

36.

37.

38.

39.

40.

4

—

42.

43.

44.

4

[

46.

47.

4

oo

51.

52.

5

w

RESEARCH ARTICLE

. Sato A, et al. Protection from glucocorticoid-induced osteoporosis by anti-catabolic signaling in the absence of Sost/Scleros-

tin. J Bone Miner Res. 2016;31(10):1791-1802.

. Sato AY, et al. Glucocorticoids induce bone and muscle atrophy by tissue-specific mechanisms upstream of E3 ubiquitin ligases.

Endocrinology. 2017;158(3):664-677.

. Piemontese M, et al. Suppression of autophagy in osteocytes does not modify the adverse effects of glucocorticoids on cortical

bone. Bone. 2015;75:18-26.

. Sato AY, et al. Glucocorticoid-induced bone fragility is prevented in female mice by blocking Pyk2/anoikis signaling. Endocrinology.

2019;160(7):1659-1673.

. Willis MS, et al. Muscle ring finger 1 mediates cardiac atrophy in vivo. Am J Physiol Heart Circ Physiol. 2009;296(4):H997-H1006.
. Baehr LM, et al. Muscle sparing in muscle RING finger 1 null mice: response to synthetic glucocorticoids. J Physiol. 2011;589(pt

19):4759-4776.

. Bodine SC, et al. Identification of ubiquitin ligases required for skeletal muscle atrophy. Science. 2001;294(5547):1704-1708.
. Bodine SC, Baehr LM. Skeletal muscle atrophy and the E3 ubiquitin ligases MuRF1 and MAFbx/atrogin-1. Am J Physiol Endo-

crinol Metab. 2014;307(6):E469-E484.

. Bonaldo P, Sandri M. Cellular and molecular mechanisms of muscle atrophy. Dis Model Mech. 2013;6(1):25-39.
.Kondo H, et al. MURF1 deficiency suppresses unloading-induced effects on osteoblasts and osteoclasts to lead to bone loss.

J Cell Biochem. 2011;112(12):3525-3530.

. Bouillon R, et al. Vitamin D and human health: lessons from vitamin D receptor null mice. Endocr Rev. 2008;29(6):726-776.
24.

Zhao JD, et al. Effect of vitamin D on ventricular remodelling in heart failure: a meta-analysis of randomised controlled trials.
BMJ Open. 2018;8(8):020545.

Sato AY, et al. Prevention of glucocorticoid induced-apoptosis of osteoblasts and osteocytes by protecting against endoplasmic
reticulum (ER) stress in vitro and in vivo in female mice. Bone. 2015;73:60—68.

Willis MS, et al. Cardiac muscle ring finger-1 increases susceptibility to heart failure in vivo. Circ Res. 2009;105(1):80-88.

. Bilezikian JP, et al, eds. Principles of Bone Biology. Academic Press; 1996.
. Sato AY, et al. Glucocorticoid excess in bone and muscle. Clin Rev Bone Miner Metab. 2018;16(1):33-47.
29.

Cohen S, et al. During muscle atrophy, thick, but not thin, filament components are degraded by MuRF1-dependent ubiquityla-
tion. J Cell Biol. 2009;185(6):1083-1095.

Hwee DT, et al. Cardiac proteasome activity in muscle ring finger-1 null mice at rest and following synthetic glucocorticoid
treatment. Am J Physiol Endocrinol Metab. 2011;301(5):E967-E977.

. Rizzoli R, et al. Management of glucocorticoid-induced osteoporosis. Calcif Tissue Int. 2012;91(4):225-243.
32.
33.

Lukert B. Glucocorticoid-induced osteoporosis. In: Marcus R, et al, eds. Osteoporosis. Academic Press; 1996:801-813.

Saag KG, et al. Effects of teriparatide versus alendronate for treating glucocorticoid-induced osteoporosis: thirty-six-month
results of a randomized, double-blind, controlled trial. Arthritis Rheum. 2009;60(11):3346-3355.

Cosman F, et al. Romosozumab treatment in postmenopausal women with osteoporosis. N Engl J Med. 2016;375(16):1532-1543.
Saag KG, et al. Denosumab versus risedronate in glucocorticoid-induced osteoporosis: final results of a twenty-four-month ran-
domized, double-blind, double-dummy trial. Arthritis Rheumatol. 2019;71(7):1174-1184.

O’Ryan F§, et al. Intravenous bisphosphonate-related osteonecrosis of the jaw: bone scintigraphy as an early indicator. J Oral
Maxillofac Surg. 2009;67(7):1363-1372.

Ruggiero SL, et al. American Association of Oral and Maxillofacial Surgeons position paper on medication-related osteonecro-
sis of the jaw--2014 update. J Oral Maxillofac Surg. 2014;72(10):1938-1956.

Miller PD, et al. Effect of abaloparatide vs placebo on new vertebral fractures in postmenopausal women with osteoporosis: a
randomized clinical trial. JAMA. 2016;316(7):722-733.

Saag KG, et al. Romosozumab or alendronate for fracture prevention in women with osteoporosis. N Engl J Med.
2017;377(15):1417-14217.

Saag KG, et al. Teriparatide or alendronate in glucocorticoid-induced osteoporosis. N Engl J Med. 2007;357(20):2028-2039.

. Lewiecki EM, et al. A phase III randomized placebo-controlled trial to evaluate efficacy and safety of romosozumab in men

with osteoporosis. J Clin Endocrinol Metab. 2018;103(9):3183-3193.

Yeam CT, et al. A systematic review of factors affecting medication adherence among patients with osteoporosis. Osteoporos Int.
2018;29(12):2623-2637.

Kyvernitakis I, et al. Differences in persistency with teriparatide in patients with osteoporosis according to gender and health
care provider. Osteoporos Int. 2014;25(12):2721-2728.

Amabile CM, Spencer AP. Keeping your patient with heart failure safe: a review of potentially dangerous medications. Arch
Intern Med. 2004;164(7):709-720.

. Pitt B, et al. The effect of spironolactone on morbidity and mortality in patients with severe heart failure. Randomized aldac-

tone evaluation study investigators. N Engl J Med. 1999;341(10):709-717.

Gomberg-Maitland M, et al. Treatment of congestive heart failure: guidelines for the primary care physician and the heart fail-
ure specialist. Arch Intern Med. 2001;161(3):342-352.

Sainte-Marie Y, et al. Conditional glucocorticoid receptor expression in the heart induces atrio-ventricular block. FASEB J.
2007;21(12):3133-3141.

. Van Staa TP, et al. Use of oral corticoisteroids and risk of fractures. J Bone Min Res. 2000;15(6):993—1000.
49.
50.

Saag KG. Prevention of glucocorticoid-induced osteoporosis. South Med J. 2004;97(6):555-558.

Flicker L, et al. Should older people in residential care receive vitamin D to prevent falls? Results of a randomized trial. J Am
Geriatr Soc. 2005;53(11):1881-1888.

Broe KE, et al. A higher dose of vitamin d reduces the risk of falls in nursing home residents: a randomized, multiple-dose
study. J Am Geriatr Soc. 2007;55(2):234-239.

Bischoff-Ferrari HA, et al. Effect of vitamin D on falls: a meta-analysis. JAMA. 2004;291(16):1999-2006.

. Trivedi DP, et al. Effect of four monthly oral vitamin D3 (cholecalciferol) supplementation on fractures and mortality in men

and women living in the community: randomised double blind controlled trial. BMJ. 2003;326(7387):469.

JCl Insight 2024;9(21):e182664 https://doi.org/10.1172/jci.insight.182664 16


https://doi.org/10.1172/jci.insight.182664
https://doi.org/10.1002/jbmr.2869
https://doi.org/10.1002/jbmr.2869
https://doi.org/10.1016/j.bone.2015.02.005
https://doi.org/10.1016/j.bone.2015.02.005
https://doi.org/10.1210/en.2019-00237
https://doi.org/10.1210/en.2019-00237
https://doi.org/10.1152/ajpheart.00660.2008
https://doi.org/10.1113/jphysiol.2011.212845
https://doi.org/10.1113/jphysiol.2011.212845
https://doi.org/10.1126/science.1065874
https://doi.org/10.1152/ajpendo.00204.2014
https://doi.org/10.1152/ajpendo.00204.2014
https://doi.org/10.1242/dmm.010389
https://doi.org/10.1002/jcb.23327
https://doi.org/10.1002/jcb.23327
https://doi.org/10.1210/er.2008-0004
https://doi.org/10.1136/bmjopen-2017-020545
https://doi.org/10.1136/bmjopen-2017-020545
https://doi.org/10.1016/j.bone.2014.12.012
https://doi.org/10.1016/j.bone.2014.12.012
https://doi.org/10.1161/CIRCRESAHA.109.194928
https://doi.org/10.1007/s12018-018-9242-3
https://doi.org/10.1083/jcb.200901052
https://doi.org/10.1083/jcb.200901052
https://doi.org/10.1152/ajpendo.00165.2011
https://doi.org/10.1152/ajpendo.00165.2011
https://doi.org/10.1007/s00223-012-9630-5
https://doi.org/10.1002/art.24879
https://doi.org/10.1002/art.24879
https://doi.org/10.1056/NEJMoa1607948
https://doi.org/10.1002/art.40874
https://doi.org/10.1002/art.40874
https://doi.org/10.1016/j.joms.2009.03.005
https://doi.org/10.1016/j.joms.2009.03.005
https://doi.org/10.1016/j.joms.2014.04.031
https://doi.org/10.1016/j.joms.2014.04.031
https://doi.org/10.1001/jama.2016.11136
https://doi.org/10.1001/jama.2016.11136
https://doi.org/10.1056/NEJMoa1708322
https://doi.org/10.1056/NEJMoa1708322
https://doi.org/10.1056/NEJMoa071408
https://doi.org/10.1210/jc.2017-02163
https://doi.org/10.1210/jc.2017-02163
https://doi.org/10.1007/s00198-018-4759-3
https://doi.org/10.1007/s00198-018-4759-3
https://doi.org/10.1007/s00198-014-2810-6
https://doi.org/10.1007/s00198-014-2810-6
https://doi.org/10.1001/archinte.164.7.709
https://doi.org/10.1001/archinte.164.7.709
https://doi.org/10.1056/NEJM199909023411001
https://doi.org/10.1056/NEJM199909023411001
https://doi.org/10.1001/archinte.161.3.342
https://doi.org/10.1001/archinte.161.3.342
https://doi.org/10.1096/fj.07-8357com
https://doi.org/10.1096/fj.07-8357com
https://doi.org/10.1359/jbmr.2000.15.6.993
https://doi.org/10.1097/00007611-200406000-00008
https://doi.org/10.1111/j.1532-5415.2005.00468.x
https://doi.org/10.1111/j.1532-5415.2005.00468.x
https://doi.org/10.1111/j.1532-5415.2007.01048.x
https://doi.org/10.1111/j.1532-5415.2007.01048.x
https://doi.org/10.1001/jama.291.16.1999
https://doi.org/10.1136/bmj.326.7387.469
https://doi.org/10.1136/bmj.326.7387.469

54.

55.

56.

57.

58.

5

Nel

6

(=}

61.
62.

63.

65.

66.
67.

68.
69.

70.

71.

72.

7

w

74.

7

W

71.

78.

79.

80.

8

—

8

IS

8

w

8

[

86.

8

~

88.

8

Nel

RESEARCH ARTICLE

Chakhtoura M, et al. Vitamin D supplementation and fractures in adults: a systematic umbrella review of meta-analyses of con-
trolled trials. J Clin Endocrinol Metab. 2022;107(3):882-898.

Kong SH, et al. Effect of vitamin D supplementation on risk of fractures and falls according to dosage and interval: a meta-anal-
ysis. Endocrinol Metab (Seoul). 2022;37(2):344-358.

Kenny AM, et al. Effects of vitamin D supplementation on strength, physical function, and health perception in older, commu-
nity-dwelling men. J Am Geriatr Soc. 2003;51(12):1762-1767.

Law M, et al. Vitamin D supplementation and the prevention of fractures and falls: results of a randomised trial in elderly peo-
ple in residential accommodation. Age Ageing. 2006;35(5):482-486.

LeBoff MS, et al. Vitamin D and omegA-3 trial (VITAL): effects of vitamin D supplements on risk of falls in the US popula-
tion. J Clin Endocrinol Metab. 2020;105(9):2929-2938.

. Bouillon R, et al. The health effects of vitamin D supplementation: evidence from human studies. Nat Rev Endocrinol.

2022;18(2):96-110.

. Lewiecki EM, et al. Proceedings of the 2023 Santa Fe Bone symposium: progress and controversies in the management of

patients with skeletal diseases. J Clin Densitom. 2023;26(4):101432.

Anagnostis P, et al. Vitamin D supplementation and fracture risk: Evidence for a U-shaped effect. Maturitas. 2020;141:63-70.
Sato M, et al. A nonsecosteroidal vitamin D receptor ligand with improved therapeutic window of bone efficacy over hypercal-
cemia. J Bone Miner Res. 2010;25(6):1326-1336.

Harada S, et al. Daily administration of eldecalcitol (ED-71), an active vitamin D analog, increases bone mineral density by
suppressing RANKL expression in mouse trabecular bone. J Bone Miner Res. 2012;27(2):461-473.

. Takeda S, et al. Long-term treatment with eldecalcitol (1a, 25-dihydroxy-2p- (3-hydroxypropyloxy) vitamin D3) suppresses bone

turnover and leads to prevention of bone loss and bone fragility in ovariectomized rats. Calcif Tissue Int. 2015;96(1):45-55.
Saito H, et al. The safety and effectiveness profile of eldecalcitol in a prospective, post-marketing observational study in Japa-
nese patients with osteoporosis: interim report. J Bone Miner Metab. 2017;35(4):456-463.

Sadiq NM, Anastasopoulou C, Patel G, Badireddy M. Hypercalcemia. In: StatPearls. StatPearls Publishing; Jan 2024.

Mageau A, et al. Life-threatening hypercalcemia revealing diffuse and isolated acute sarcoid-like myositis: a new entity? (A
case-series). Medicine (Baltimore). 2016;95(10):e3089.

Walker MD, Shane E. Hypercalcemia: a review. JAMA. 2022;328(16):1624-1636.

Brown AlJ, et al. The vitamin D analog ED-71 is a potent regulator of intestinal phosphate absorption and NaPi-IIb. Endocrinology.
2012;153(11):5150-5156.

Tsugawa N, et al. In vitro biological activities of a series of 2 beta-substituted analogues of 1 alpha,25-dihydroxyvitamin D3.
Biol Pharm Bull. 2000;23(1):66-71.

Brown AJ, et al. The role of the serum vitamin D binding protein in the actions of the vitamin D analog eldecalcitol (ED-71) on
bone and mineral metabolism. Calcif Tissue Int. 2013;93(2):163-171.

Okano T, et al. Regulatory activities of 2 beta-(3-hydroxypropoxy)-1 alpha, 25-dihydroxyvitamin D3, a novel synthetic vitamin
D3 derivative, on calcium metabolism. Biochem Biophys Res Commun. 1989;163(3):1444-1449.

. Georgiopoulos G, et al. Cardiovascular toxicity of proteasome inhibitors: underlying mechanisms and management strategies:

JACC: CardioOncology State-of-the-art review. JACC CardioOncol. 2023;5(1):1-21.
Humphrey MB; et al. 2022 American College of Rheumatology guideline for the prevention and treatment of glucocorticoid-in-
duced osteoporosis. Arthritis Care Res (Hoboken). 2023;75(12):2405-2419.

. Liu B, et al. The glucocorticoid receptor in cardiovascular health and disease. Cells. 2019;8(10):1227.
76.

Wei L, et al. Taking glucocorticoids by prescription is associated with subsequent cardiovascular disease. Ann Intern Med.
2004;141(10):764-770.

Wang L, et al. Circulating 25-hydroxy-vitamin D and risk of cardiovascular disease: a meta-analysis of prospective studies. Circ
Cardiovasc Qual Outcomes. 2012;5(6):819-829.

Kim DH, et al. Prevalence of hypovitaminosis D in cardiovascular diseases (from the National Health and Nutrition Examina-
tion Survey 2001 to 2004). Am J Cardiol. 2008;102(11):1540-1544.

Bouillon R, et al. Skeletal and extraskeletal actions of vitamin D: current evidence and outstanding questions. Endocr Rev.
2019;40(4):1109-1151.

Kendrick J, et al. 25-Hydroxyvitamin D deficiency is independently associated with cardiovascular disease in the third National
Health and Nutrition Examination survey. Atherosclerosis. 2009;205(1):255-260.

. Sluyter JD, et al. Effect of monthly, high-dose, long-term vitamin D supplementation on central blood pressure parameters: a

randomized controlled trial substudy. J Am Heart Assoc. 2017;6(10):e006802.

. Gotsman I, et al. Vitamin D deficiency is a predictor of reduced survival in patients with heart failure; vitamin D supplementation

improves outcome. Eur J Heart Fail. 2012;14(4):357-366.

. Shoji T, Nishizawa Y. [Vitamin D and survival of hemodialysis patients]. Clin Calcium. 2004;14(9):64—68.
84.

Teng M, et al. Survival of patients undergoing hemodialysis with paricalcitol or calcitriol therapy. N Engl J Med.
2003;349(5):446-456.

. Willis MS, et al. Muscle ring finger 1, but not muscle ring finger 2, regulates cardiac hypertrophy in vivo. Circ Res.

2007;100(4):456-459.

McElhinny AS, et al. Muscle-specific RING finger-1 interacts with titin to regulate sarcomeric M-line and thick filament struc-
ture and may have nuclear functions via its interaction with glucocorticoid modulatory element binding protein-1. J Cell Biol.
2002;157(1):125-136.

. Arya R, et al. Muscle ring finger protein-1 inhibits PKC{epsilon} activation and prevents cardiomyocyte hypertrophy. J Cell Biol.

2004;167(6):1147-1159.
‘Weinstein RS, et al. Inhibition of osteoblastogenesis and promotion of apoptosis of osteoblasts and osteocytes by glucocorti-
coids. Potential mechanisms of their deleterious effects on bone. J Clin Invest. 1998;102(2):274-282.

. Yao W, et al. Sclerostin-antibody treatment of glucocorticoid-induced osteoporosis maintained bone mass and strength. Osteoporos

Int. 2016;27(1):283-294.

JCl Insight 2024;9(21):e182664 https://doi.org/10.1172/jci.insight.182664 17


https://doi.org/10.1172/jci.insight.182664
https://doi.org/10.1210/clinem/dgab742
https://doi.org/10.1210/clinem/dgab742
https://doi.org/10.3803/EnM.2021.1374
https://doi.org/10.3803/EnM.2021.1374
https://doi.org/10.1046/j.1532-5415.2003.51561.x
https://doi.org/10.1046/j.1532-5415.2003.51561.x
https://doi.org/10.1093/ageing/afj080
https://doi.org/10.1093/ageing/afj080
https://doi.org/10.1210/clinem/dgaa311
https://doi.org/10.1210/clinem/dgaa311
https://doi.org/10.1038/s41574-021-00593-z
https://doi.org/10.1038/s41574-021-00593-z
https://doi.org/10.1016/j.jocd.2023.101432
https://doi.org/10.1016/j.jocd.2023.101432
https://doi.org/10.1016/j.maturitas.2020.06.016
https://doi.org/10.1002/jbmr.15
https://doi.org/10.1002/jbmr.15
https://doi.org/10.1002/jbmr.555
https://doi.org/10.1002/jbmr.555
https://doi.org/10.1007/s00223-014-9937-5
https://doi.org/10.1007/s00223-014-9937-5
https://doi.org/10.1007/s00774-016-0779-2
https://doi.org/10.1007/s00774-016-0779-2
https://doi.org/10.1097/MD.0000000000003089
https://doi.org/10.1097/MD.0000000000003089
https://doi.org/10.1001/jama.2022.18331
https://doi.org/10.1210/en.2012-1587
https://doi.org/10.1210/en.2012-1587
https://doi.org/10.1248/bpb.23.66
https://doi.org/10.1248/bpb.23.66
https://doi.org/10.1007/s00223-013-9737-3
https://doi.org/10.1007/s00223-013-9737-3
https://doi.org/10.1016/0006-291X(89)91140-6
https://doi.org/10.1016/0006-291X(89)91140-6
https://doi.org/10.1016/j.jaccao.2022.12.005
https://doi.org/10.1016/j.jaccao.2022.12.005
https://doi.org/10.1002/acr.25240
https://doi.org/10.1002/acr.25240
https://doi.org/10.3390/cells8101227
https://doi.org/10.7326/0003-4819-141-10-200411160-00007
https://doi.org/10.7326/0003-4819-141-10-200411160-00007
https://doi.org/10.1161/CIRCOUTCOMES.112.967604
https://doi.org/10.1161/CIRCOUTCOMES.112.967604
https://doi.org/10.1016/j.amjcard.2008.06.067
https://doi.org/10.1016/j.amjcard.2008.06.067
https://doi.org/10.1210/er.2018-00126
https://doi.org/10.1210/er.2018-00126
https://doi.org/10.1016/j.atherosclerosis.2008.10.033
https://doi.org/10.1016/j.atherosclerosis.2008.10.033
https://doi.org/10.1161/JAHA.117.006802
https://doi.org/10.1161/JAHA.117.006802
https://doi.org/10.1093/eurjhf/hfr175
https://doi.org/10.1093/eurjhf/hfr175
https://doi.org/10.1056/NEJMoa022536
https://doi.org/10.1056/NEJMoa022536
https://doi.org/10.1161/01.RES.0000259559.48597.32
https://doi.org/10.1161/01.RES.0000259559.48597.32
https://doi.org/10.1083/jcb.200108089
https://doi.org/10.1083/jcb.200108089
https://doi.org/10.1083/jcb.200108089
https://doi.org/10.1083/jcb.200402033
https://doi.org/10.1083/jcb.200402033
https://doi.org/10.1172/JCI2799
https://doi.org/10.1172/JCI2799
https://doi.org/10.1007/s00198-015-3308-6
https://doi.org/10.1007/s00198-015-3308-6

90.

9

—_

92.
93.

94.

9

w

9

(=}

97.

98.

RESEARCH ARTICLE

Marenzana M, et al. Sclerostin antibody treatment enhances bone strength but does not prevent growth retardation in young
mice treated with dexamethasone. Arthritis Rheum. 2011;63(8):2385-2395.

. Nakamichi Y, et al. VDR in osteoblast-lineage cells primarily mediates vitamin D treatment-induced increase in bone mass by

suppressing bone resorption. J Bone Miner Res. 2017;32(6):1297-1308.

Turner CH, Burr DB. Basic biomechanical measurements of bone: a tutorial. Bone. 1993;14(4):595-608.

Hill Gallant KM, et al. Raloxifene prevents skeletal fragility in adult female Zucker Diabetic Sprague-Dawley rats. PLoS One.
2014;9(9):€108262.

Allen MR, et al. Alterations in canine vertebral bone turnover, microdamage accumulation, and biomechanical properties fol-
lowing 1-year treatment with clinical treatment doses of risedronate or alendronate. Bone. 2006;39(4):872-879.

. Bouxsein ML, et al. Guidelines for assessment of bone microstructure in rodents using micro-computed tomography. J Bone

Miner Res. 2010;25(7):1468-1486.

. Heveran CM, et al. Chronic kidney disease and aging differentially diminish bone material and microarchitecture in C57B1/6

mice. Bone. 2019;127:91-103.

Barth HD, et al. Characterization of the effects of x-ray irradiation on the hierarchical structure and mechanical properties of
human cortical bone. Biomaterials. 2011;32(34):8892-8904.

Lecka-Czernik B, et al. Inhibition of Osf2/Cbfal expression and terminal osteoblast differentiation by PPARgamma2. J Cell
Biochem. 1999;74(3):357-371.

JCl Insight 2024;9(21):e182664 https://doi.org/10.1172/jci.insight.182664 18


https://doi.org/10.1172/jci.insight.182664
https://doi.org/10.1002/art.30385
https://doi.org/10.1002/art.30385
https://doi.org/10.1002/jbmr.3096
https://doi.org/10.1002/jbmr.3096
https://doi.org/10.1016/8756-3282(93)90081-K
https://doi.org/10.1371/journal.pone.0108262
https://doi.org/10.1371/journal.pone.0108262
https://doi.org/10.1016/j.bone.2006.04.028
https://doi.org/10.1016/j.bone.2006.04.028
https://doi.org/10.1002/jbmr.141
https://doi.org/10.1002/jbmr.141
https://doi.org/10.1016/j.bone.2019.04.019
https://doi.org/10.1016/j.bone.2019.04.019
https://doi.org/10.1016/j.biomaterials.2011.08.013
https://doi.org/10.1016/j.biomaterials.2011.08.013
https://doi.org/10.1002/(SICI)1097-4644(19990901)74:3<357::AID-JCB5>3.0.CO;2-7
https://doi.org/10.1002/(SICI)1097-4644(19990901)74:3<357::AID-JCB5>3.0.CO;2-7

