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Eldecalcitol prevents muscle loss i

and osteoporosis in disuse muscle atrophy
via NF-kB signaling in mice

Haichao Zhang', Yanping Du', Wenjing Tang', Minmin Chen', Weijia Yu', Zheng Ke?,
Shuangshuang Dong? and Qun Cheng"”

Abstract

We investigated the effect of eldecalcitol on disuse muscle atrophy. C57BL/6J male mice aged 6 weeks were randomly
assigned to control, tail suspension (TS), and TS-eldecalcitol-treated groups and were injected intraperitoneally twice
a week with either vehicle (control and TS) or eldecalcitol at 3.5 or 5 ng for 3 weeks. Grip strength and muscle weights
of the gastrocnemius (GAS), tibialis anterior (TA), and soleus (SOL) were determined. Oxidative stress was evaluated

by malondialdehyde, superoxide dismutase, glutathione peroxidase, and catalase. Bone microarchitecture was ana-
lyzed using microcomputed tomography. The effect of eldecalcitol on C2C12 myoblasts was analyzed by measuring
myofibrillar protein MHC and the atrophy markers Atrogin-1 and MuRF-1 using immunofluorescence. The influence
of eldecalcitol on NF-kB signaling pathway and vitamin D receptor (VDR) was assessed through immunofluorescence,
(co)-immunoprecipitation, and VDR knockdown studies. Eldecalcitol increased grip strength (P < 0.01) and restored
muscle loss in GAS, TA, and SOL (P < 0.05 to P < 0.001) induced by TS. An improvement was noted in bone mineral
density and bone architecture in the eldecalcitol group. The impaired oxidative defense system was restored by elde-
calcitol (P < 0.05 to P < 0.01 vs. TS). Eldecalcitol (10 nM) significantly inhibited the expression of MuRF-1 (P < 0.001)
and Atrogin-1 (P < 0.01), increased the diameter of myotubes (P < 0.05), inhibited the expression of P65 and P52
components of NF-kB and P65 nuclear location, thereby inhibiting NF-kB signaling. Eldecalcitol promoted VDR bind-
ing to P65 and P52. VDR signaling is required for eldecalcitol-mediated anti-atrophy effects. In conclusion, eldecalcitol
exerted its beneficial effects on disuse-induced muscle atrophy via NF-kB inhibition.
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Introduction

Muscle atrophy is a progressive and systemic disease
caused by multiple factors. When muscles are inactive
for a prolonged period, muscle proteins are lost caus-
ing muscle fibers to deteriorate [30]. Denervation and
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longed inactivity frequently occurs during continued
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bed rest, sedentary lifestyle, limb immobilization, and
spaceflight [6]. Patients with either chronic disease or
cachexia (cancer-induced) or aging are also prone to
the development of skeletal muscle atrophy [5, 7, 29,
37, 38]. Furthermore, women with disuse atrophy have
been shown to experience ICU frailty at higher rates
compared with men [19]. Aging and physical inactivity
adversely affect lean mass and muscle force production
[2]. Disuse muscle atrophy has received much interest
owing to the growing aging population. Exercise is the
most effective way to fight against muscle atrophy, as
there is no effective pharmacological treatment [5].

The transcription factor, nuclear factor kappa-B (NF-
kB) is an upstream regulator of inflammatory responses
and other key biological processes [42]. Moreover, NF-«kB
and its family members play an important role in mus-
cle atrophy attributed to both disuse and cachexia [13,
15]. Several NF-kB family members are upregulated dur-
ing disuse atrophy, which stimulates downstream target
genes involved in inflammation and protein turnover [3].
In normal conditions, the inhibitor of kB proteins inhib-
its NF-kB DNA-binding activity and nuclear location.
After hind limb unloading, NF-«B levels increase con-
siderably along with atrophy-linked E3 ubiquitin ligase,
muscle-specific RING finger-1 (MuRF-1) and Atrogin-1,
which then induce proteasomal degradation [40].

Vitamin D is regarded as an essential factor for pre-
venting and treating osteoporosis. It exerts its main cel-
lular effects by activating the vitamin D receptor (VDR).
Eldecalcitol, a 2B-hydroxypropoxylated analog of active
vitamin D, has a higher affinity for vitamin D-binding
protein than 1«,25-hydroxyvitamin D, which may explain
its prolonged half-life in serum [26]. A previous study
reported that eldecalcitol increased bone mineral density
(BMD) in the femoral metaphysis by suppressing bone
resorption [11]. Furthermore, many clinical studies have
shown that eldecalcitol can also improve muscle strength
in postmenopausal women [32, 33]. However, there are
no studies on the direct effects of eldecalcitol on dis-
use muscle atrophy. There is an unmet therapeutic need
in the treatment of muscle atrophy. Hence, to develop
an optimal therapeutic agent, we need to understand
the effects of eldecalcitol on the signaling pathway that
occurs during the process of muscle atrophy.

Tail suspension (TS) is a classical foundational model
to study disuse muscle atrophy. Due to the difficulty
involved in mimicking prolonged muscle disuse (bed
rest, spaceflight, etc) in humans under controlled con-
ditions, the hind limb suspension/hind limb unloading
model was developed in rodents and is an appropriate
model to study disuse-induced skeletal muscle atrophy
[20]. At present, the TS test is well accepted as a method
for adaption to reduce skeletal muscle use [17]. In this
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study, we investigated the effect of eldecalcitol in TS-
induced disuse muscle atrophy in mice.

Materials and methods

Animal experiments

C57BL/6] male mice aged 6 weeks were purchased from
Hangzhou Ziyuan Laboratory Animal Technology Co.,
Ltd. (China). The mice were acclimatized and maintained
in a temperature-controlled environment, humidity of
55% to 70%, and a 12-h/12-h dark/light cycle, with access
to water and standard rodent chow ad libitum as recom-
mended by the Animal Welfare Act regulations and the
Guide for the Care and Use of Laboratory Animals [24].
According to their body weights, the mice were rand-
omized into 4 groups (n = 8): control group (vehicle), TS
group (vehicle), TS + eldecalcitol low dose (3.5 ng twice
per week), and TS + eldecalcitol high dose (5 ng twice
per week). The mice were administered with either vehi-
cle (0.8% ethanol, 0.1% Tween 80 in phosphate-buffered
saline [PBS]) or eldecalcitol by intraperitoneal injection
twice a week, as per the group they were assigned, for 3
weeks [23]. This study was approved by the Animal Eth-
ics and Experimental Safety Committee of Fudan Univer-
sity (SYXK2020-0032).

Tail suspension in mice

To induce disuse muscle atrophy, the mice were sus-
pended individually in special cages for 21 consecu-
tive days, as elaborated in the previous reports [20, 39].
Briefly, one end of the hinge was connected to the tail
by sticking the medical tape, and the other end was con-
nected to the top of the cage. The length of the rope was
adjusted to allow free movement of the animal on its
forelegs and tilt its body 30 °C to 40 °C horizontally. All
mice drank freely and received 8 g of standard rodent
food every day. The mice were treated as described ear-
lier for 21 days. The following days after the last treat-
ment, the mice were euthanized and dissected to collect
tissues for further analysis.

Body weight, hind limb muscle weights, and grip strength

Wet muscle weights were recorded immediately after tis-
sue excision. Body weight and muscle weights of the gas-
trocnemius (GAS), tibialis anterior, and soleus of each
mouse were measured by a digital balance. The muscle
grip strength of the hind limb was measured by a grip
strength meter (KW-ZL Grip Strength Meter, KEW
BASIS, Nanjing, China) every week. Forepaws of mice
were grasped by a wire grid while being lifted by their
tails and their posture was kept parallel to the table sur-
face. A gentle pull at the rate of 2 cm/s was continuously
applied to the mice’s tails until the grip was released. The
maximum force exerted was measured in grams. The
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measurements were repeated to collect replicates of data
per mouse, and the grip strength was analyzed for each
mouse based on the maximum value.

Histological analysis

The GAS muscles collected from the hind limb of the
mice were fixed using 4% paraformaldehyde in PBS, pH
7.4 for 24 h at 4 'C. Following this, the samples were
embedded in paraffin and cut into 10 pm sections. These
tissue sections were subjected to a series of regular his-
tological processes of deparaffinizing, rehydrating, and
counterstaining with hematoxylin/eosin (H&E). The tis-
sue slides from all groups were screened under a micro-
scope (E800; Canon, Tokyo, Japan), and the images were
captured using a CCD camera. Image] software (NIH
Image] system, Bethesda, MD, USA) was used to analyze
the images and to calculate cross-sectional areas (CSAs)
of myofibers.

Micro-computed tomography

Micro-computed tomography (CT) was performed as
described in our previous study [41]. Femurs were fixed
in 4% paraformaldehyde for 12 h and transferred to 75%
ethanol at 4 °C for analyzing bone microarchitecture by
micro-CT at the resolution of 8.96 um, voltage of 50 kV,
and current of 450 mA. The scanned images were ana-
lyzed by SCANCO evaluation software to determine the
density and distance parameters, including bone volume
(BV), tissue volume (TV), bone/tissue volume (BV/TV),
bone surface/total tissue volume (BS/TV), bone surface/
total bone volume (BS/BV), trabecular number (Tb.N),
trabecular thickness (Tb.Th), trabecular separation (Tb.
Sp), trabecular pattern factor (Tb.Pf), and structure
model index (SMI).

Oxidative stress makers analysis

We determined the levels of malondialdehyde (MDA),
superoxide dismutase (SOD), glutathione peroxidase
(GSH-Px), and catalase (CAT) activities as indicators of
oxidative stress in GAS muscle and serum after 21 days
of treatment with vehicle or eldecalcitol. The mice were
killed by cervical dislocation. The GAS muscle of the hind
limb was dissected, weighed, and immediately frozen in
liquid nitrogen. The GAS homogenate was centrifuged at
12,000 rpm at 4 °C for 15 min, and the supernatant was
collected and frozen at — 20°C until the day of assay. For
serum preparation, blood samples were collected and
centrifuged at 3000 rpm for 15 min. Using the respec-
tive detection kits (MDA: A003-1; SOD: A00-1; GSH-Px:
A005; CAT: A007, Jiancheng Bioengineering Ltd., Nan-
jing, China), the assays were performed strictly according
to the manufacturer’s instructions.
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Cell culture

The C2C12 cells were purchased from the Cell Bank of
the Chinese Academy of Sciences (Shanghai, China).
To induce differentiation, C2C12 cells were plated in a
6-well plate with Dulbecco’s modified containing 4.5 g/L
glucose (DMEM) (Gibco) growth media supplemented
with 10% fetal bovine serum, 1% penicillin, and strepto-
mycin at 37 °C in a humidified atmosphere of 95% air and
5% CO,. When C2C12 cells reached 70% to 80% conflu-
ency, the medium was changed to DMEM with 2% horse
serum (Thermo Fisher Scientific, CA, USA) in the differ-
entiation medium. After 5 days of treatment with DMEM
containing 2% horse serum, the C2C12 myoblasts were
differentiated into myotubes. Cells were incubated with
eldecalcitol at 0.1, 1, and 10 nM, whereas control and
tumor necrosis factor (TNF)-a control were incubated
with the vehicle. To induce muscle atrophy in vitro, the
TNF-a control and eldecalcitol cells were incubated with
100ng/mL TNF-« in differentiation medium for 24 h.
Cells were harvested or used for morphological analysis
after incubation.

C2C12 myotubes diameter measurement

Differentiation in C2C12 myoblasts cultures was induced
by 2% horse serum (Hyclone, Chicago, IL, USA) in
DMEM. After respective treatment and atrophy induc-
tion in vitro, the cells were washed and harvested for
Western blotting or fixed in ethanol for immunostaining.
The images of cells stained for myotubes were scanned
under a microscope using a digital camera mounted on
a Nikon Ti microscope. The myotubes diameters were
measured using NIS Elements BR 3.00 software (Nikon,
Tokyo, Japan). The myotube diameters were quantified
from the diameters of 3 randomly selected sites of at least
100 myotubes by Image] software.

Western blot

A radioimmunoprecipitation assay (RIPA) lysis buffer
and a Nuclear and Cytoplasmic Protein Extraction Kit
(P0027) purchased from Beyotime were used to lyse the
total protein and extract nuclear proteins supplemented
with protease inhibitors. The protein concentration in
the supernatant was measured using a piccinic acid assay
kit (Pierce, Rockford, IL, USA). An equal amount of pro-
tein (20-30 pg) was used to electrophoresis each sample
on the 10-15% sodium dodecyl sulfate-polyacrylamide
gel and transferred to the polyvinylidene fluoride mem-
brane. Before incubating with the first antibody, first
seal the membrane with BSA (5%) under RT for 1 h. The
membrane was washed with Tris-buffered saline contain-
ing 0.1% Tween 20 detergent and then reacted with the
corresponding secondary antibody for 45 to 60 min. The
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immunoblots were developed with enhanced chemilu-
minescence plus reagent, and the results were quantified
with laboratory image version 2.7.1.

Immunofluorescence

After 48 h of treatment with eldecalcitol 10 nM, C2C12
myotubes were exposed to 100 ng/mL of TNF-« for 24
h. A 30-min permeabilization with PBS containing 0.2%
Triton X-100 was applied to the spheroids after wash-
ing 2 times with PBS. The cells were again rinsed 3 times
with PBS for 5 min and blocked for 30 min in PBS with
5% bovine serum albumin. Subsequently, the C2C12 cells
were incubated with the primary antibody overnight, and
then incubated with the fluorescent secondary antibody
for 2 h. In addition, the nuclei were counterstained with a
blue DAPI stain.

Co-immunoprecipitation

After the indicated treatments, the collected cells were
lysed on ice for 15 min in radioimmunoprecipitation
assay lysis buffer. The supernatant was collected after
centrifugation at 14,000 rpm for 10 min and incubated
with protein agarose A/G beads (abs955, absin, Shanghai,
China) at 4 °C for 60 min to reduce nonspecific binding.
Clarified lysate (500-ug protein) was incubated overnight
at 4 °C with nonspecific Immunoglobulin G(2 g), mouse
anti-VDR antibody (Santa Cruz) overnight on a rotating
plate. Afterward, protein A/G agarose beads were added
to each sample and incubated at 4 °C for another 2 h.
Following this, the precipitate was washed 3 times with
a washing buffer, and an equal amount of protein from
each sample was subjected to Western blot analysis.

RNA interference

Individual RNA siRNAs specific for VDR were obtained
from RiboBio (Guangzhou, China) as negative controls.
C2C12 cells were maintained in a differentiation medium
for 4 days in 6-well plates. The myotubes were trans-
fected with Lipofectamine RNAIMAX transfection rea-
gent (Invitrogen, USA) according to the manufacturer’s
instructions. The base sequence for si-VDR: GGCAGC
CAAGACTACAAT.

Statistical analysis

Statistical analysis was performed using SPSS 21.0
software (Chicago, IL, United States). The data were
expressed as the mean + standard error of the mean.
In vitro cell experiments were performed in replicates
of 4 to reduce error in sampling. One-way ANOVA was
used to analyze the significance of differences between
experimental groups. P < 0.05 was considered as statisti-
cally significant.
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Results

Eldecalcitol restored the TS-induced muscle loss

and enhanced skeletal muscle function

We investigated the effects of eldecalcitol on skeletal mus-
cle and osteoporosis in disuse muscle atrophy in a mouse
TS model. The relative hind limb grip strength was sig-
nificantly decreased by 22.49% during TS while adminis-
tering eldecalcitol-mitigated TS-induced muscle wasting
(Fig. 1a). Skeletal muscle mass showed improvement with
eldecalcitol supplement. We used a muscle weight to
body weight (mg/g) standardized ratio to identify muscle
wasting. In the TS group, the muscle weights of the GAS
(Fig. 1b), TA (Fig. 1c), and SOL (Fig. 1d) were significantly
decreased by 14.39%, 16.73%, and 42.34%, respectively.
Nevertheless, eldecalcitol treatment helped to recover this
loss and brought the muscle weight back to the levels of
the control group. The CSA of GAS muscle was reduced to
about 18.59% after TS compared with the control group.
Nonetheless, the decrease was significantly reversed up
to the levels of the control group (94.1%) by the admin-
istration of eldecalcitol (Fig. 2a—c). Taken together, these
effects of eldecalcitol result in increased muscle strength
and function. Furthermore, the expression of muscle atro-
phy markers, Atrogin-1 and MuRF-1, in the TS group was
markedly upregulated by 42.1% and 134.6%, respectively,
but eldecalcitol treatment suppressed the levels by 41.52%
and 38.79%, respectively (Fig. 2d, f, and g). Consistent
with the protein expression level, the mRNA expression
level of Atrogin-1 and MuRF-1 was significantly down-
regulated after ELD application (Fig. 2h, i). Eldecalcitol
also restored the expression levels of myofibrillar proteins,
such as MHC, which were decreased in the GAS muscle
of mice after TS (Fig. 2d, e).

Effects of eldecalcitol on the bone loss of TS mice

We characterized trabecular and cortical bone across all
groups using Micro-CT. The bone phenotypes of all groups
are presented in Fig. 3a. Cortical BMD and trabecular BMD
of the distal femur were significantly decreased by 12.37%
and 28.51%, respectively, after 21 days of TS as compared
with control. Loss of cortical and trabecular BMD was
reversed by the administration of eldecalcitol (Fig. 3b, c).
The administration of eldecalcitol partly restored the BV
in TS mice (Fig. 3d) but TV did not differ between the 4
groups (Fig. 3e). Thus, the decrease in BV/TV caused by
TS was significantly improved by 122.66% in low-dose and
92.87% in high dose after the supplementation of eldecal-
citol compared with the TS group (P < 0.05) (Fig. 3h). BS/
TV, Tb.N, and Tb.Th were markedly decreased by 62.56%,
65.92%, and 26.11%, respectively, in the TS group after 21
days of TS compared with the control group (P < 0.001)
(Fig. 3f, i, and j). However, their levels were partly restored
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Fig. 1 Eldecalcitol improved the lower limb weight reduction and muscle function reduction caused by TS. a Grip strength. b GAS muscle. ¢ TA
muscle. d SOL muscle. Values are presented as mean + SEM (n = 8). *P < 0.05; **P < 0.01; ***P < 0.001 vs. Con; *P < 0.05; #P < 0.01; #¥P < 0.001 vs.
TS. BW, body weight; Con, control; GAS, gastrocnemius; TA, tibialis anterior; TS, tail suspension; ELD, eldecalcitol; SEM, standard error of mean; SOL,

soleus

by 78.22%, 85.68%, and 19.04%, respectively, in the elde-
calcitol low-dose group. In the TS group, there was an
increase in the BS/BV (45.81%), Tb.Sp (31.82%), Tb.Pf
(26.61%), and SMI (21.06%) compared with the control
group (Fig. 3g, k-m). However, treatment with eldecalci-
tol partially reduced these effects compared with the TS
group. Collectively, these results imply that the eldecalcitol
supplement could partly reduce TS-induced bone loss.

Eldecalcitol suppressed oxidative stress in TS mice
Previous studies have reported that disuse muscle atro-
phy could cause oxidative stress [31]. Therefore, we

examined the influence of eldecalcitol on TS-induced
oxidative stress. The antioxidant defense system of
GAS muscle and serum was altered in the TS group
as indicated by the lower levels of SOD, GSH-Px, and
CAT in GAS muscle (decreased by 51.38%, 42.48%, and
50.31%) and in serum (decreased by 39.04%, 40.53%,
and 41.93%) respectively (Fig. 4b—d, f-h). However,
the impaired antioxidant defense system was reversed
by eldecalcitol treatment. Furthermore, in the TS
group, the levels of MDA were dramatically increased
in GAS muscle by 92.42% and serum by 126.58% after
21 days of muscle disuse, which were diminished while
treating with eldecalcitol (Fig. 4a, e).
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Fig. 2 Eldecalcitol inhibited the reduction of muscle cross-sectional area and the expression of muscle atrophy protein markers. a-c H&E stating
of GAS muscle and analysis of muscle cross-sectional area. d—g Eldecalcitol decreased the protein expression levels of Atrogin-1 and MuRF-1
and increased the protein expression levels of MyHC. h—i mRNA levels of Atrogin-1 and MuRF-1 by gPCR. Values are presented as mean + SEM (n =

8). *P < 0.05; **P < 0.01; ***P < 0.001 vs. Con; *P < 0.05; #P < 0.01; #P < 0.0

01 vs.TS. Con, control; CSA, cross-sectional area; GAPDH, glyceraldehyde

3-phosphate dehydrogenase; ELD, eldecalcitol; TS, tail suspension; MyHC; myosin heavy chain; SEM, standard error of mean

Eldecalcitol inhibits myotube atrophy

in a concentration-dependent manner in vitro

In differentiated C2C12 myotubes, the addition of
TNEF-a elevated the levels of Atrogin-1 and MuRF-1 and
decreased the levels of MHC (Fig. 5a—d) compared with
the control cells. Eldecalcitol inhibited TNF-a—induced
myotube atrophy in a concentration-dependent manner.
Eldecalcitol at 10 nM significantly inhibited MuRF-1 (P <
0.001) and Atrogin-1 (P < 0.01) and restored the markers
of atrophy to the level close to the control group. In addi-
tion, we confirmed that TNF-a induced a reduction in
the diameter of myotube that was counteracted by elde-
calcitol by improving the myotube diameter, as visualized
by immunofluorescence (Fig. 5e, f).

Eldecalcitol reduces the expression of P65 and P52

and nuclear location of P65 in response to TNF-a

The NF-«B signaling pathway plays a crucial role in mus-
cle atrophy. In our study, the expression levels of total P65
and P52 components of NF-kB were elevated with 100

ng/mL TNF-a treatment in C2C12 cells (Fig. 6a, ¢, and
d). Likewise, the expression of PP65/P65 was also upreg-
ulated, implying that TNF-a activated NF-kB signaling
pathway (Fig. 6b) in myotubes. Nevertheless, the nuclear
total P65 expression was reduced in myotubes with prior
eldecalcitol treatment (Fig. 6a, e). Our data showed elde-
calcitol inhibited the expression of P65 and P52 and the
activation of P65 phosphorylation. P65 immunostaining
and microscopy revealed that eldecalcitol decreased the
nuclear translocation of P65 induced by TNF-a (Fig. 6f).

VDR helps mediate the anti-atrophy effects of eldecalcitol
in TNF-a treated myotubes

So far, our data have suggested that eldecalcitol prevents
TNF-a induced NF-«kB nuclear location and inhibits the
expression of muscle atrophy markers through VDR.
To further confirm this notion, we first performed co-
immunoprecipitation with an antibody against VDR.
We observed a much higher interaction between P65
and VDR as well as between P52 and VDR in myotubes



Zhang et al. Skeletal Muscle (2023) 13:22 Page 7 of 13

A
B C D E
80 4 50 4 0.6+ 3.2+
9 S = 3.0
z 7] 540_5’.‘.*.’-‘At ® o4 & T 1
L I 2o FU7 =" IVIgEE
= 604 e ] = = E He E 2.6 4
S w N = 20 > g EkE N 13
£ n 2 ® 0.2 (3 = 2.4 o ¢=®
8 504 [ -§ 104 :’;*.* £ 22
= <) 7
L 2
43 T ‘5I T T (“ T <‘°I T T o'n T %I T T 2'“ QI %I T T
Ce@ § Q\)@ﬁo ‘5\%\ Cc‘\ «§ 0‘94\0 ‘8‘6'? Ce“ & 0\)““0@.&? s & 0\9@0‘2‘\%\
Q,\’ Q}) Q}" <Y Q}’ Q»\) Q}’ ‘é})
F G H I
15 100 *5* 20+ 34
[ 3<] 1
— ~ 90+ * i —
2 0l Hih : <15 2, A
g £ 3804 sk < # g *
2 S = ; Z 10 o g weded
P 83 = 104 =
: = : : wi Oz, ER=
4 *X% @ -] 6 E 54 I ¢ E = wwk @
- &
v T %I Q\sl T 50 T %1 T T 0 T %I T T 0 T %I ; T
N o N & ) N & .o N o
S RN 0@% & ¢ o o S o o & ¢ o¥ &
Q,\’ Q}) Q)\) Q}) Q)\) Q)) Q,\" Q})
J K L M
0.070 0.40 50 - % 3.2+
..
0.065- $9%s g i 404 s # 3.0 i
7 i 7 0357 R x £ - . bos i #
£ 0060 F g o £ F ¢ jet 28 * 3
= 0.055- oo 2 030 o 3 E:: Z 2.6 "'
. : re 20—.
£ 0.050 ’.‘if = - 23] g 2.4
0.045] : ’ . 104 2.2
0.040 — T T 0.20 T %l T T 0 —2 T T 2.0 T I T T
N & > N & > > Q& . N & .
RN Q‘b\% o« Q\P 0‘&% &« 0\)0 0‘2‘\% [l Q\p 96&
Y DRI & o & o

Fig. 3 Effect of eldecalcitol administration on TS-induced bone loss. a Bone phenotypes. b Cortical BMD. ¢ Trabecular BMD. d BV. e TV. f BS/TV. g BS/
BV.h BV/TV.i Tb.N.jTbTh. k Tp.Sp. (1) Tb.Pf. m SMI. Values are presented as mean + SEM (n = 8). *P < 0.05; **P < 0.01; ***P < 0.001 vs. Con; *P< 0.05;
#p<0.01; P < 0.001 vs. TS. BMD, bone mineral density; BS/BV, bone surface/total bone volume; BS/TV, bone surface/total tissue volume; BV, bone
volume; BV/TV, bone/tissue volume; Con, control; ELD, eldecalcitol; TS, tail suspension; SEM, standard error of mean; SMI, structure model index;
Tb.N; trabecular number; Tb.Pf, trabecular pattern factor; Tb.Th, Trabecular thickness; Tp.Sp, trabecular separation; TV, tissue volume



Zhang et al. Skeletal Muscle (2023) 13:22

8- 60+
[
< = ! g 4
< 6 R g% t
=) ° S © 404 =2
=35 E a® wx oW
) . ] s ®
L 24 oo
% E . o2
33 2 E 20 S
=E o 82
c =]
= =
0 T T T T 0 T T T T
RN & e &
0’0 @\9 o’<>’° Q)’o
159 wkw 1500
= °
[ =
3 g £E w4
£ 10 # 3 1000 e B
S e ® ® .
< HH a ® *
< L o}
a ® E 7] -
é 5- Q * E 500+
2
=] [
o (7]
»
0 T T T T 0 T T T T
& 9 » N & o S N
1o A 0\9 Q;‘Q fod A 0\9 Q;\Q
& & & &

Page 8 of 13

10 250
8- E # = 200 g #
—_ # X T * #
i a .=
P 5 . o] » o8
O 6 e » 2 150 e
2] -
22 4 ] & G £ 1001 =
=3 2
=2, ° 2E 5.
0 T T T T 0 T T T T
& @ ovoax & S @ 0\9*“ &S
& & & &
1500 o 10
= # N 4
2 E o.' T &7 5 o 4
& 1000+ . 5 - '. @
£ * & E 6 . @
8 e LE) m o
. °
g 500 5 .
0 T T T T 0 T T T T
S @ Voqx @5‘\ S @ \9{\ .zl\&
NI N
<& L 2Rd

Fig. 4 Eldecalcitol suppressed oxidative stress in TS mice. a—d MDA, SOD, GSH-Px, and CAT in GAS muscle and in serum (e-h). Values are presented
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stimulated with TNF-a and treated with eldecalcitol
(Fig. 7a—e). This suggested that eldecalcitol promotes
VDR binding to P65 and P52 in TNF-a treated myo-
tubes. The role of VDR in eldecalcitol on muscle atrophy
was further verified by VDR knockdown experiments.
The data presented in Fig. 7f indicated that the TNF-a
induced upregulation of atrophy markers, Atrogin-1, and
MuRF-1 was dramatically reduced by eldecalcitol. The
inhibitory effects of eldecalcitol, however, were partly
abolished by silencing the VDR gene. These data dem-
onstrate that VDR signaling is required for eldecalcitol-
mediated anti-atrophy effects.

Discussion

Disuse muscle atrophy is a common clinical problem.
Although this silent skeletal disease occurs at all ages and
genders, its prevalence is higher in older adults [4, 25].
Atrophy can occur in various diseases and conditions
and mainly results from excessive protein breakdown in
addition to declining protein synthesis leading to muscle
wasting and weakness [5]. Osteoporosis is strongly asso-
ciated with bone mass reduction and skeletal muscle loss,
especially in older adults [4]. Involutional loss of func-
tional muscle motor units combined with the high preva-
lence of osteoporosis in the geriatric population increases
the risk of debilitating postural changes [34]. Examining
the physiology and mechanisms underpinning muscle
disuse atrophy involves invasive muscle biopsy sampling,

because of which rodent models mimicking the different
forms of human muscle disuse atrophy are used.

In this study, we observed that treatment with eldecalci-
tol reversed the TS-induced muscle mass loss and muscle
function as evidenced by the improved grip strength (at
low dose, P < 0.05 and high dose P < 0.01) and improved
standardized muscle strength to body weight ratio (P <
0.05 to P < 0.001) compared to the TS group. In a pre-
viously published study [36], a dose-dependent investi-
gation involving eldecalcitol at dosages of 0.05, 0.1, and
0.2 pg/kg exhibited significant enhancements in BMD
and mechanical properties within an ovariectomized rat
model. In Japan, eldecalcitol has undergone clinical tri-
als for the treatment of osteoporosis at daily doses of
0.5, 0.75, or 1.0 pg/day [9, 21]. Based on this evidence,
we administered eldecalcitol doses to mice, ranging
from 30 to 50 ng/kg, following a 3-day-per-week regi-
men. Quantification of muscle CSA is another commonly
used parameter in the assessment of muscle atrophy
and in our study, TS-induced reduction in CSA of GAS
muscle was significantly repealed by eldecalcitol supple-
mentation (P < 0.01) compared to the TS group. Studies
using animal models in the setting of hind limb unload-
ing have revealed that muscle loss can also induce bone
loss. The primary adaptations of bone to disuse atrophy
are demineralization and loss of trabecular and cortical
bone [1]. However, eldecalcitol supplementation strongly
inhibited bone loss and increased bone mineral density
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of mean

in our study. Furthermore, eldecalcitol also reduced ubiq-
uitin-mediated protein degradation in skeletal muscle as
was apparent in the expression levels of Atrogin-1 and
MuRF-1. The ubiquitin-proteasome is the primary regu-
lator of muscle protein degradation in which Atrogin-1
and MuRF-1 direct the polyubiquitination of proteins
causing proteolysis. Atrogin-1 and MuRF-1 are increased
by immobilization or denervation by myostatin/TGF-
signaling [8]. It has been shown that Atroginl/MAFbx is
upregulated in response to TNF-a and is associated with
the activation of p38 that stimulates the expression of the

(See figure on next page.)

ubiquitin ligase atroginl/MAFbx in skeletal muscle [18].
We observed that eldecalcitol inhibited the effects of
TNF-« on the levels of Atrogin-1 and MuRF-1 in a dose-
dependent manner and restored the diameters of myo-
tubes close to that of the control group.

There is a clear link between oxidative stress and dis-
use muscle atrophy, wherein reactive oxygen species
(ROS) play a critical role in the cell signaling pathways
that regulate protein synthesis and degradation [16, 30].
Prolonged periods of muscle disuse have been reported
to induce higher levels of ROS in skeletal muscle fibers,

Fig. 6 Eldecalcitol reduces the expression of P65 and P52 and nuclear location of P65 in response to TNF-a. a—e Total protein levels of PP65, P65,
and P52 were measured by Western blot analysis and nuclear protein level of P65. f Representative pictures of immunofluorescence showed

that eldecalcitol reduced P65 nuclear translocation. Values are presented as mean + SEM, n > 3. *P < 0.05; **P < 0.01; ***P < 0.001 vs. control group;
P < 0.05: P < 0.01; P < 0.001 vs TNF-a group. Con, control; ELD, eldecalcitol; GAPDH, glyceraldehyde 3-phosphate dehydrogenase; SEM, standard

error of mean
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resulting in oxidative injury and fiber damage that is
characteristic of muscle disuse atrophy [22]. We studied
the effects of eldecalcitol on lipid peroxidation and oxi-
dative damage in TS mice. Eldecalcitol treatment allevi-
ated TNF-a induced oxidative stress by decreasing ROS
generation by MDA and by increasing the activities of
SOD, GSH-Px, and CAT which were all statistically sig-
nificant. Accumulating evidence suggests that vitamin
D analog supplementation has a protective effect on

skeletal muscle against immobilization-induced atro-
phy [28].

The actions of eldecalcitol, a vitamin D analog, are
mediated by VDR, a ligand-activated transcription fac-
tor that controls gene expression [27]. The exact mech-
anism of how vitamin D exerts its anti-atrophy effects
via VDR remains unclear. NF-kB is a prominent sign-
aling pathway linked to skeletal muscle loss in various
pathophysiological conditions. Activation of NF-kB in
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skeletal muscle has been reported to cause the degrada-
tion of specific muscle proteins, induce inflammation,
and inhibit the regeneration of myofibers during atro-
phy [14]. In our study, co-immunoprecipitation experi-
ments showed that eldecalcitol promotes VDR binding
to NF-kB components; P65 and P52 inhibiting their
expression besides inhibiting P65 phosphorylation and
its relocation to the nucleus thereby attenuating the
downstream signaling. In the VDR knockdown experi-
ments, these effects of eldecalcitol were blunted, sug-
gesting that eldecalcitol exerts its atrophy preventive
effects through NF-«kB signaling mediated via VDR.

This study has a few limitations. Although we showed
that VDR is crucial for the therapeutic effect of eldecal-
citol, we have yet to study in detail the influence of VDR
polymorphism on eldecalcitol. This may throw light on
the purported influence of VDR genetic variants on
the therapeutic efficacy of eldecalcitol as studies have
pointed out an association between VDR genetics vari-
ants and osteoporosis [12, 43]. Therefore, further stud-
ies are required to confirm these findings and expand
the knowledge in the direction of VDR polymorphism
and the effects of eldecalcitol in preventing disuse mus-
cle atrophy.

Conclusions

In summary, our study showed that TS-induced atro-
phy resulted in muscle and bone loss. Eldecalcitol sig-
nificantly improved muscle loss and function and bone
volume in disuse muscle atrophy. The results of this
study indicate that eldecalcitol exerted these effects
via alleviating oxidative stress and the NF-kB signaling
pathway. Hence, eldecalcitol supplementation could be
a potentially effective therapeutic strategy for prevent-
ing and reversing disuse muscle atrophy, warranting its
evaluation in the clinic.

Acknowledgements

The authors would like to acknowledge Lakshmi Settu and Dr. Ramandeep
Singh, PhD, Indegene Pvt. Ltd,, India, for medical writing and editorial support,
which was funded by Chugai Pharma China Co,, Ltd.

Authors’ contributions

Study design: Qun Cheng and Zheng Ke; Data collection: Haichao Zhang

and Shuangshuang Dong, Weijing Tang, Weijia Yu, Yanping Du, Minmin Chen;
Statistical analysis: Haichao Zhang, Weijing Tang, Weijia Yu and Shuangsh-
uang Dong; Data interpretation: Qun Cheng, Haichao Zhang, Yanping Du,
Minmin Chen; Manuscript preparation: Qun Cheng, Haichao Zhang, Zheng
Ke, and Shuangshuang Dong; Critical review: Haichao Zhang, Qun Cheng, and
Shuangshuang Dong; Literature search: Yanping Du, Weijing Tang, Minmin
Chen, and Weijia Yu, Zheng Ke; Fund collection: Qun Cheng; All authors read
and approved the final manuscript.

Funding

This study was funded by Chugai Pharma China Co, Ltd,, the National Natural
Science Foundation of China [NSFC; No. 81471089], and the National Key R&D
Program of China [2018YFC2000201].

Page 12 of 13

Availability of data and materials

The data used to support the findings of this study are presented here. Any
further requirements of the data are available from the corresponding author
upon request.

Declarations

Ethics approval and consent to participate

This study was approved by the Animal Ethics and Experimental Safety Com-
mittee of Fudan University (SYXK2020-0032). Mice were maintained and the
experiments were performed following the Animal Welfare Act regulations
and the Guide for the Care and Use of Laboratory Animals.

Competing interests
The authors declare no competing interests.

Received: 1 May 2023 Accepted: 29 November 2023
Published online: 19 December 2023

References

1. Bettis T, Kim B-J, Hamrick MW. Impact of muscle atrophy on bone
metabolism and bone strength: Implications for muscle-bone crosstalk
with aging and disuse. Osteoporos Int. 2018;29(8):1713-20.

2. Buford TW, Cooke MB, Manini TM, Leeuwenburgh C, Willoughby DS.
Effects of age and sedentary lifestyle on skeletal muscle NF-kappaB
signaling in men. J Gerontol A Biol Sci Med Sci. 2010;65(5):532-7.

3. CaiD, Frantz JD, Tawa NE, Melendez PA, Oh B-C, Lidov HGW, et al. IKKbeta/
NF-kappaB activation causes severe muscle wasting in mice. Cell.
2004;119(2):285-98.

4. ChenL,WuJ,RenW,LiX Luo M, HuY.The relationship between skeletal
muscle mass and bone mass at different sites in older adults [pub-
lished correction appears in Ann Nutr Metab. 2023;79(4):405]. Ann Nutr
Metab. 2023;79(2):88-94. https://doi.org/10.1159/000528585.

5. Cohen S, Nathan JA, Goldberg AL. Muscle wasting in disease: molecu-
lar mechanisms and promising therapies. Nat Rev Drug Discov.
2015;14(1):58-74.

6. Evans WJ. Skeletal muscle loss: cachexia, sarcopenia, and inactivity. Am J
Clin Nutr. 2010;91(4):1123S-7S.

7. EvansWJ, Morley JE, Argilés J, Bales C, Baracos V, Guttridge D, et al.
Cachexia: a new definition. Clin Nutr. 2008;27(6):793-9.

8. Gumucio JP, Mendias CL. Atrogin-1, MuRF-1, and sarcopenia. Endocrine.
2013;43(1):12-21.

9. Hagino H. Eldecalcitol: newly developed active vitamin D(3) analog
for the treatment of osteoporosis. Expert Opin Pharmacother.
2013;14(6):817-25.

10. Handschin C, Spiegelman BM. The role of exercise and PGC1alpha in
inflammation and chronic disease. Nature. 2008;454(7203):463-9.

11. Harada S, Mizoguchi T, Kobayashi'Y, Nakamichi Y, Takeda S, Sakai 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):461-73.

12. He W, Liu M, Huang X, Qing Z, Gao W. The influence of vitamin D receptor
genetic variants on bone mineral density and osteoporosis in Chinese
postmenopausal women. Dis Markers. 2015;2015:760313.

13. Hunter RB, Stevenson E, Koncarevic A, Mitchell-Felton H, Essig DA,
Kandarian SC. Activation of an alternative NF-kappaB pathway in skeletal
muscle during disuse atrophy. FASEB J. 2002;16(6):529-38.

14. Jackman RW, Cornwell EW, Wu C-L, Kandarian SC. NF-kappaB signaling
and transcriptional regulation in skeletal muscle atrophy. Exp Physiol.
2013;98(1):19-24.

15. Janssen-Heininger YM, Poynter ME, Baeuerle PA. Recent advances
towards understanding redox mechanisms in the activation of nuclear
factor kappaB. Free Radic Biol Med. 2000;28(9):1317-27.

16. Kondo H, Miura M, Itokawa Y. Oxidative stress in skeletal muscle atro-
phied by immobilization. Acta Physiol Scand. 1991;142(4):527-8.


https://doi.org/10.1159/000528585

Zhang et al. Skeletal Muscle

20.

21

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33

34.

35.

36.

37.

38.

39.

(2023) 13:22

Lawler JM, Song W, Demaree SR. Hindlimb unloading increases oxidative
stress and disrupts antioxidant capacity in skeletal muscle. Free Radic Biol
Med. 2003;35(1):9-16.

LiY-P, Chen'Y, John J, Moylan J, Jin B, Mann DL, et al. TNF-a acts via p38
MAPK to stimulate expression of the ubiquitin ligase atrogin1/MAFbx in
skeletal muscle. FASEB J. 2005;19(3):362-70.

Lipes J, Mardini L, Jayaraman D. Sex and mortality of hospitalized adults
after admission to an intensive care unit. Am J Crit Care. 2013;22(4):314-9.
Marzuca-Nassr GN, Vitzel KF, Murata GM, Mérquez JL, Curi R. Experimental
Model of HindLimb Suspension-Induced Skeletal Muscle Atrophy in
Rodents. Methods Mol Biol. 2019;1916:167-76.

Matsumoto T, Ito M, Hayashi Y, Hirota T, Tanigawara Y, Sone T, et al. A new
active vitamin D3 analog, eldecalcitol, prevents the risk of osteoporotic
fractures--a randomized, active comparator, double-blind study. Bone.
2011;49(4):605-12.

Min K, Smuder AJ, Kwon O-S, Kavazis AN, Szeto HH, Powers SK. Mitochon-
drial-targeted antioxidants protect skeletal muscle against immobiliza-
tion-induced muscle atrophy. J Appl Physiol. 2011;111(5):1459-66.
Nakamura S, Sato Y, Kobayashi T, Kaneko Y, Ito E, Soma T, et al. Vitamin D
protects against immobilization-induced muscle atrophy via neural crest-
derived cells in mice. Sci Rep. 2020;10(1):12242.

National Research Council (US) Committee for the Update of the Guide
for the Care and Use of Laboratory Animals. Guide for the Care and Use of
Laboratory Animals. 8th ed. Washington (DC), National Academies Press
(US); 2011. http://www.ncbi.nlm.nih.gov/books/NBK54050/. Accessed 10
Oct 2023.

NIH Consensus Development Panel on Osteoporosis Prevention, Diagno-
sis, and Therapy. Osteoporosis prevention, diagnosis, and therapy. JAMA.
2001,285(6):785-95.

Okano T, Tsugawa N, Masuda S, Takeuchi A, Kobayashi T, Takita Y, et al.
Regulatory activities of 23-(3-hydroxypropoxy)-1a,25-dihydroxyvitamin
D3, a novel synthetic vitamin D3 derivative, on calcium metabolism.
Biochem Biophys Res Commun. 1989;163(3):1444-9.

Pike JW, Meyer MB. The vitamin D receptor: new paradigms for the
regulation of gene expression by 1,25-Dihydroxyvitamin D3. Endocrinol
Metab Clin North Am. 2010;39(2):255-69.

Powers SK. Can antioxidants protect against disuse muscle atrophy?
Sports Med. 2014;44 Suppl 2(Suppl 2):5155-65.

Powers SK, Lynch GS, Murphy KT, Reid MB, Zijdewind |. Disease-

induced skeletal muscle atrophy and fatigue. Med Sci Sports Exerc.
2016;48(11):2307-19.

Powers SK, Smuder AJ, Criswell DS. Mechanistic links between

oxidative stress and disuse muscle atrophy. Antioxid Redox Signal.
2011;15(9):2519-28.

Powers SK, Smuder AJ, Judge AR. Oxidative stress and disuse muscle
atrophy: cause or consequence? Curr Opin Clin Nutr Metab Care.
2012;15(3):240-5.

Saito K, Miyakoshi N, Matsunaga T, Hongo M, Kasukawa Y, Shimada Y.
Eldecalcitol improves muscle strength and dynamic balance in postmen-
opausal women with osteoporosis: an open-label randomized controlled
study. J Bone Miner Metab. 2016;34(5):547-54.

Saito T, Mori Y, Irei O, Baba K, Nakajo S, Itoi E. Effect of eldecalcitol on mus-
cle function and fall prevention in Japanese postmenopausal women: a
randomized controlled trial. J Orthop Sci. 2021;26(1):173-8.

Sinaki M. Musculoskeletal challenges of osteoporosis. Aging.
1998;10(3):249-62.

Terracciano C, Celi M, Lecce D, Baldi J, Rastelli E, Lena E, et al. Differential
features of muscle fiber atrophy in osteoporosis and osteoarthritis. Osteo-
poros Int. 2013;24(3):1095-100.

UchiyamaY, Higuchi Y, Takeda S, Masaki T, Shira-Ishi A, Sato K, et al. ED-71,
a vitamin D analog, is a more potent inhibitor of bone resorption than
alfacalcidol in an estrogen-deficient rat model of osteoporosis. Bone.
2002;30(4):582-8.

Williams A, Sun X, Fischer JE, Hasselgren PO. The expression of genes in
the ubiquitin-proteasome proteolytic pathway is increased in skeletal
muscle from patients with cancer. Surgery. 1999;126(4):744-9. discussion
749-50

Workeneh BT, Mitch WE. Review of muscle wasting associated with
chronic kidney disease. Am J Clin Nutr. 2010;91(4):11285-32S.

Yakabe M, Ogawa S, Ota H, lijima K, Eto M, Ouchi Y, et al. Inhi-

bition of interleukin-6 decreases atrogene expression and

40.

41.

42.

43.

Page 13 of 13

ameliorates tail suspension-induced skeletal muscle atrophy. PLoS One.
2018;13(1):0191318.

Yoshihara T, Natsume T, Tsuzuki T, Chang S-W, Kakigi R, Machida S,

et al. Long-term physical inactivity exacerbates hindlimb unloading-
induced muscle atrophy in young rat soleus muscle. J Appl Physiol.
2021;130(4):1214-25.

Zhang H, Ke Z, Dong S, Du Y, Tang W, Chen M, et al. Eldecalcitol prevents
muscle loss by suppressing PI3K/AKT/FOXOs pathway in orchiectomized
mice. Front Pharmacol. 2022;13:1018480.

Zhang Q, Lenardo MJ, Baltimore D. 30 years of NF-kB: a blossoming of
relevance to human pathobiology. Cell. 2017;168(1):37-57.

Zintzaras E, Rodopoulou P, Koukoulis GN. Bsml, Tagl, Apal and Fokl
polymorphisms in the vitamin D receptor (VDR) gene and the risk of
osteoporosis: a meta-analysis. Dis Markers. 2006;22(5-6):317-26.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

Ready to submit your research? Choose BMC and benefit from:

fast, convenient online submission

thorough peer review by experienced researchers in your field

rapid publication on acceptance

support for research data, including large and complex data types

gold Open Access which fosters wider collaboration and increased citations

maximum visibility for your research: over 100M website views per year

K BMC

At BMC, research is always in progress.

Learn more biomedcentral.com/submissions



http://www.ncbi.nlm.nih.gov/books/NBK54050/

	Eldecalcitol prevents muscle loss and osteoporosis in disuse muscle atrophy via NF-κB signaling in mice
	Abstract 
	Introduction
	Materials and methods
	Animal experiments
	Tail suspension in mice
	Body weight, hind limb muscle weights, and grip strength
	Histological analysis
	Micro-computed tomography
	Oxidative stress makers analysis
	Cell culture
	C2C12 myotubes diameter measurement
	Western blot
	Immunofluorescence
	Co-immunoprecipitation
	RNA interference
	Statistical analysis

	Results
	Eldecalcitol restored the TS-induced muscle loss and enhanced skeletal muscle function
	Effects of eldecalcitol on the bone loss of TS mice
	Eldecalcitol suppressed oxidative stress in TS mice
	Eldecalcitol inhibits myotube atrophy in a concentration-dependent manner in vitro
	Eldecalcitol reduces the expression of P65 and P52 and nuclear location of P65 in response to TNF-α
	VDR helps mediate the anti-atrophy effects of eldecalcitol in TNF-α treated myotubes

	Discussion
	Conclusions
	Acknowledgements
	References


