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Abstract

Despite the presence of vitamin D receptor (VDR) in skeletal muscle cells, the relationship between VDR expressions and
muscle mass or function has not been well studied. The purpose of this study was to compare VDR gene and protein expres-
sion in the forearm muscle between sarcopenic and non-sarcopenic individuals who have sustained distal radius fractures.
Twenty samples of muscle tissue from sarcopenic patients (mean age 63.4 + 8.1 years) and 20 age- and sex-matched control
tissues (62.1 +7.9 years) were acquired from the edge of dissected pronator quadratus muscle during surgery for distal radius
fractures. The mRNA expression levels of VDR as well as the myokines of interest that may be associated with muscle mass
change (myogenin and myostatin) were analyzed with real-time quantitative reverse transcription polymerase chain reaction
(qRT-PCR). In addition, Western blot assay and immunohistochemistry for VDR were performed. Sarcopenic patients showed
a significantly lower level of gene expression for VDR and myogenin, but a greater level of gene expression for myostatin
than the controls according to qRT-PCR analysis. The density of VDR protein expressions was 2.1 times greater, while that
of myostatin was 2.6 times lower, in the control group than in the sarcopenic group according to Western blot analysis. On
immunohistochemical analysis, the density of the cells expressing VDR was significantly decreased in the sarcopenic patients.
Sarcopenic patients who sustained distal radius fractures presented lower vitamin D receptor gene and protein expression in
skeletal muscles compared to non-sarcopenic individuals.
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Introduction

Aging is associated with a progressive decline of muscle
mass, muscle quality, and muscle strength, which is a con-
dition known as sarcopenia [1]. The decline in total muscle
mass between the ages of 40 and 80 has been estimated to
range from 30 to 60% [2, 3]. Although sarcopenia denotes
loss of muscle mass clinically, it is often used to describe
both a set of cellular processes (including hormonal changes,
inflammation, and mitochondrial dysfunction) and a set of
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outcomes such as decreased muscle strength, mobility, and
a greater risk of falls [4, 5]. Sarcopenia reportedly occurs
in up to 40% of patients sustaining fragility fractures [6,
7]. Among these fractures, distal radius fracture (DRF) is
the most common upper-extremity fracture in older people,
the incidence of which appears to have increased in recent
decades [8, 9]. Patients with DRF have a higher incidence of
underlying osteoporosis [10], a low serum vitamin D [11],
and a high prevalence of sarcopenia [12]. The occurrence of
DRF can reflect early change of bone and muscle fragility
because it typically occurs earlier than hip fracture by about
15 years [13].

Some observational studies have demonstrated an associ-
ation between vitamin D level and muscle strength/physical
performance in older adults [14, 15]. The muscle strength
and performance of individuals with a low vitamin D status
improve with vitamin D supplements. Recent studies show
the presence of vitamin D receptor (VDR) in skeletal muscle
cells, showing contradictory effects of serum vitamin D on
the expression of intramuscular VDR [16-20]. VDR is a
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member of the nuclear receptor superfamily that regulates
the expression of many genes, while the vitamin D-VDR
complex exerts non-genomic effects on intracellular signal-
ing and calcium influx [21]. Despite the possible associa-
tion between VDR expression and muscle mass change, the
change of VDR gene or protein expressions in sarcopenic
patients has not been well studied. The purpose of this study
was to compare VDR gene and protein expression in the
muscle between sarcopenic and non-sarcopenic individuals
who sustained distal radius fractures.

Materials and methods
Subjects

This study was approved by our institutional review board,
and all patients provided informed consent. We prospec-
tively recruited 85 patients with DRF who were treated sur-
gically at our institution from March 2017 to April 2018.
These patients were recruited from a tertiary care univer-
sity hospital serving as a regional emergency trauma center.
Inclusion criteria were acute DRF treated within 2 weeks
after injury caused by minor trauma such as a fall on an
outstretched hand, older than 50 years of age, and those who
agreed to participate in the study. Patients were excluded if
they had associated systemic or multiorgan injuries, cogni-
tive impairment, or medical conditions such as neuromus-
cular disease of chronic debilitating disease that might affect
muscle strength (renal insufficiency, adrenal insufficiency,
rheumatoid arthritis, thyroid disease, parathyroid disease or
Parkinson disease). Among the 76 patients without these
conditions, we identified 20 DRF patients with sarcopenia
who were matched for age and gender with 20 controls with-
out sarcopenia.

The definition of sarcopenia was based on the proposal
from the Asian Working Group for Sarcopenia (AWGS) [22].
Participants were classified as sarcopenic if they had low
lean mass plus slowness (classified according to gait speed)
or weakness (assessed according to grip strength). Low lean
mass was defined by adjusting the appendicular lean mass
(the sum of muscle mass in arms and legs) by the height
(ASM/Ht?, kg/m?). AWGS [22] suggested the cut-off points
of ASM/Ht? for people of Asian origin to be 7.0 kg/m? in
men and 5.4 kg/m? in women. Walking speed was calculated
as the average of two usual-walking pace attempts over 6 m
and expressed as m/s. Slowness was defined as a gait speed
slower than 0.8 m/s [22]. The grip strength of the unaffected
hand was measured with a Jamar dynamometer (Asimow
Engineering, Los Angeles, CA, USA) with the elbow flexed
at 90° and the forearm in a neutral rotation. The mean val-
ues of three trials were recorded in kilograms. Weak hand

grip strength is suggested to be defined as <26 kg for men
and < 18 kg for women [22].

Tissue acquisition

A single surgeon performed the standard open reduction and
internal fixation of DRF using a volar approach. A small part
of the pronator quadratus muscle (1 cm?) was collected from
the surgical field during the operations. Muscles comprise
different proportions of slow twitch and fast twitch fibers,
and fast twitch fibers are known to be predominantly lost in
sarcopenia [23]. Although there is no biopsy study examin-
ing fiber-type proportions of the forearm rotation muscles,
the endurance data suggest that the prime supination torque
muscle comprises greater proportions of slow twitch fibers,
while the pronation muscles are faster fatiguing and may
comprise a greater proportion of fast twitch fibers [24]. Two
tissue samples were acquired using a Metzenbaum scissor
from the edge of the dissected pronator quadratus muscle.
One sample was frozen immediately at — 80 °C for the poly-
merase chain reaction (PCR) analysis and later Western blot
analysis. Another sample was fixed in fresh 10% buffered
formalin for 16-24 h at 4 °C and then subsequently dehy-
drated and paraffin embedded for immunohistochemical
analysis.

Reverse transcription-quantitative PCR (RT-qPCR)
analysis

The mRNA expression levels of VDR and some myokine
of interest that may be associated with muscle mass change
(myogenin and myostatin) were evaluated using real-time
quantitative reverse transcription PCR (qQRT-PCR) analy-
ses. The tissue samples from the isolated pronator quadra-
tus muscles were immediately frozen at — 80 °C until RNA
extraction. Total RNA was isolated from Trizol extract (Inv-
itrogen, Carlsbad, CA, USA), according to the manufactur-
er’s instructions, and complementary DNA was synthesized
using a Maxime RT PreMix Kit (iNtRON Biotechnology,
Seongnam, Korea).

Amplification was performed by real-time qPCR using
the Light Cycler 480 System (Roche Diagnostics, Basel,
Switzerland) with 2xX qPCRBIO SyGreen Mix Lo-ROX
(PCR Biosystems, London, UK). Measurements were per-
formed using the Light Cycler quantification software ver-
sion 1.5 (Roche Diagnostics). The real-time Cycler 480 Mul-
tiwell Plate 96 contained 0.5 mM of each primer, 0.25 mM
of the probe, 10-mL FastStart Essential DNA Probes Mas-
ter (Roche Diagnostics), and 2 mL of DNA template, in a
final reaction volume of 20 mL. The thermal cycling con-
ditions on the Light-Cycler 480 System were as follows:
enzyme activation, 95 °C for 10 min; 45 cycles of amplifi-
cation, 95 °C for 10 s; and 60 °C for 30 s. Each quantitative
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real-time PCR analysis was performed in triplicate for both
target genes and internal control, and the gene expression
levels were reported as the relative ratio to the internal con-
trol of the p-actin gene.

Western blot analysis and immunofluorescence
microscopy

Western blot analyses were performed for the protein targets,
which were VDR, myostatin, and myogenin. Whole cell
extracts from the forearm muscle were prepared using radi-
oimmunoprecipitation assay (RIPA) buffer (Elpis-Biotech,
Daejeon, Korea). Proteins from the whole cell lysates were
separated by sodium dodecyl sulfate-polyacrylamide gel
electrophoresis on 10% gels and transferred to nitrocellulose
membranes. The membranes were separately probed with
an anti-VDR (D-6) (sc-13133, Santa Cruz Biotechnology,
Dallas, TX, USA), anti-myogenin (5FD) (sc-52903, Santa
Cruz Biotechnology), anit-myostatin (ab71808, Abcam,
Cambridge, UK), and anti-Glyceraldehyde-3-phosphate
dehydrogenase (GAPDH) (sc-47724, Santa Cruz Biotech-
nology) antibody. Bound antibodies were visualized using an
Amersham ECL kit (GE Healthcare, Piscataway, NJ, USA)
and an LAS-4000 Image Analyzer (Fujifilm, Tokyo, Japan).
The band density was quantified by densitometry with the
image analyzer ImageQuant LAS 4000 (GE Healthcare and
Fujifilm, Taipei, Taiwan). The protein expression levels were
reported as a relative ratio to the internal control of GAPDH.

For immunofluorescence microscopy, 0.5-um fixed
frozen muscle sections were labeled with primary anti-
body for VDR and the resulting immune complexes were
visualized with a goat anti-rabbit IgG H&L (Alexa Fluor
488) (ab150077, Abcam) or goat anti-mouse IgG H&L
(Alexa Fluor 594) (ab150116, Abcam) secondary antibody.
Nuclei were stained with 4',6-diamidino-2-phenylindole
(VECTASHIELD Hardset Antifade Mounting Medium,
H-1500, Vector Laboratories, Inc., Burlingame, CA, USA).
Images were acquired with an upright fluorescence micro-
scope (BX61-32FDIC, Olympus, Tokyo, Japan).

Statistical analyses

Power analysis indicated that a sample size consisting of
40 (20 per each group) would provide 80% statistical power
with an a of 0.10 for a large effect size (Cohen’s d =0.8) for
the Student’s ¢ test.

Descriptive statistics were calculated to determine
patients’ demographics and clinical characteristics. A ¢
test was conducted to determine any significant differences
between the two groups in terms of continuous variables,
and the chi-square or Fisher exact test was conducted to
determine any significant differences in the categorical
variables. Statistical significance was considered when the
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p value was less than 0.05. All statistical analyses were per-
formed using SPSS for Windows (version 18.0, SPSS Inc.,
Chicago, IL, USA).

Results

Figure 1 shows a flowchart of the patient enrollment from 86
patients who were surgically treated for distal radius frac-
tures at our institute in a study period. The demographic and
clinical data of the 2 groups (sarcopenic and control groups)
are described in Table 1. Sarcopenic patients had signifi-
cantly decreased lean body mass index and grip strength
compared to the controls, but gait speeds were similar in
the 2 groups.

Reverse transcription-quantitative PCR (RT-qPCR)
analysis

The mRNA expression levels of VDR were more signifi-
cantly decreased in the sarcopenic group than in the control
group (2.3-fold, p=.012). Similarly, the mRNA expression
of myogenin was significantly decreased (2.1-fold, p=.017),
but that of myostatin was increased (2.4-fold, p=.010) in the
sarcopenic group compared to the control group. The target
mRNA expression levels relative to the f-actin internal con-
trol gene in both groups are shown in Fig. 2.

Western blot and immunofluorescence analysis

The 48/53 kDa band, which corresponds to the VDR showed
lower density in the sarcopenic group than in the control
group. The mean optical density VDR was 2.1 times greater
in the control group than in the sarcopenic group (p=.018).
In addition, while the 43 kDa band, which corresponds to
the myostatin, showed 2.6 times lower density in the control
group (p=.015), the 34KDa band for myogenin did not sig-
nificantly differ between the sarcopenic and non-sarcopenic
groups (Fig. 3).

The Western blotting results were also verified in the
immunohistofluorescence analyses for VDR. The density of
cells expressing VDR was clearly decreased in the pronator
quadrate muscle of the sarcopenic patients compared with
that in the control patients (Fig. 4).

Discussion

Despite the presence of the vitamin D receptor (VDR)
in skeletal muscle cells, the relationship between VDR
expressions and muscle mass or function has not been
well studied. We compared VDR gene and protein
expression in the forearm muscle between sarcopenic and



Journal of Bone and Mineral Metabolism (2019) 37:920-927

923
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Assessed for eligibility (n = 85)

- patients with DRF who were
treated surgically

-acute DRF treated within 2 weeks
afterinjury caused by minor trauma

- older than 50 years of age

-multiorgan injuries
- cognitive impairment
-medical condition

such as neuromuscular disease of
chronic debilitating disease that
might affect muscle strength

(AWGS)

Diagnostic criteria for sarcopenia
- Asian Working Group for Sarcopenia

l

Patients with sarcopenia

(= 20)

Sarcopenia group (with sarcopenia)

(n=20)

Fig. 1 Flow chart of the study showing patient enrollment

Table 1 Demographic and clinical characteristics of participants

Sarcopenic group Control group P
Patients, number 20 20 .607
Age, years 63.4+8.1 62.1+7.9
Gender (male:female) 6:14 6:14 999
BMI 21.7+6.1 25.8+6.5 .039
Affected side, domi- 13/7 12/8 744

nant/non-dominant
Sarcopenic measurement

ASM/HE? (kg/m?)  Male 6.20+1.4  Male7.45+1.5  .006

Female 5.03+1.2 Female 6.22+1.4 .004
Grip strength (kg) 159+4.5 18.7+5.0 .012
Gait speed (m/s) 0.82+0.27 0.92+0.30 .268

Values are expressed with mean + SD or number of cases

ASM appendicular skeletal mass, Ht height

non-sarcopenic individuals who sustained distal radius
fractures. We found significantly under-expressed VDR in
the forearm muscle of sarcopenic patients when compared
with the control. Even though over-expression of myosta-
tin and under-expression of myogenin genes were observed
in the muscle of sarcopenic patients, only myostatin show
increased protein expressions in sarcopenic patients on
Western blot analysis.

Patients without sarcopenia
(= 56)

{ Patient selection (n =20)
-age and sex matched patients

Control group (without sarcopenia)

(n=20)

Age-related muscle loss is a result of reductions in the
size and number of muscle fibers, possibly due to a multi-
factorial process that involves physical activity, nutritional
intake, metabolic homeostasis, oxidative stress, hormonal
changes, and lifespan [25, 26]. The specific contribution of
each of these factors is unknown, but emerging evidence
suggests that the distribution of several positive or negative
proteins in muscles is an important feature in the progres-
sion of sarcopenia [27-29]. However, contradictory results
have been observed among various investigators regarding
age-related changes in the levels of common regulatory fac-
tors [29-31].

Myogenic regulator factor (MRF) genes provide myo-
genic specificity for activated satellite cells [32]. The MRFs
include myogenic differentiation 1 protein (MyoD), myo-
genic factor 5 (Myf5), myogenin (myogenic factor 4), and
muscle-specific regulatory factor 4 (Mrf4) [33]. Myogenin,
an important regulator for satellite cell (daughter cell) dif-
ferentiation, is a muscle-specific basic helix—loop—helix
(bHLH) transcription factor involved in the coordination of
skeletal muscle development or myogenesis and repair [32].
In this study, while qRT-PCR revealed the under-expres-
sion of myogenin genes, but no significant differences were
observed in the Western blot analysis between the sarco-
penic and control patients. These findings are consistent with
previous studies, suggesting that aging reduces the ability
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Fig.2 Comparison of mRNA expression levels of a VDR and b
reference myokines (myogenin and myostatin) in forearm muscle
between sarcopenic and control patients, CTL control
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Fig.3 Relative protein expression levels of VDR, myogenin, and
myostatin in forearm muscle between sarcopenic and control patients.
The mean optical density VDR (48/53 kDa) was 2.1 times greater
in the control group than in the sarcopenic group. While the 43 kDa
band, which corresponds to the myostatin, showed higher density, the
34 KDa band for myogenin did not significantly differ between the
sarcopenic and control patients, CTL control

of muscles to increase myogenin protein levels [34]. The
mRNA and protein levels may not always concur with each
other due to many post-transcriptional modifications, post-
translational modifications, and differential protein degrada-
tion (such as proteasome-mediated or autophagy-mediated
protein breakdown).
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Myostatin (growth and differentiation factor-8, GDF-8), a
member of the transforming growth factor-p superfamily of
secreted growth and differentiation factors, is a negative reg-
ulator of skeletal muscle growth [35]. Muscle is the primary
source of myostatin in the body, and myostatin levels are
downregulated both locally and in circulating form by physi-
cal exercise, which may thus account for some of the result-
ant muscle hypertrophy [36]. The absence or deficiency of
myostatin significantly increases muscle mass in mice, cows,
and humans, whereas treatment with myostatin causes mus-
cle wasting [37]. Myostatin levels are elevated with disuse
atrophy, cancer, and AIDS-related cachexia [37, 38]. Many
researchers have investigated the effect of inhibiting myosta-
tin to counteract sarcopenia in animals and have reported
several positive effects of myostatin inhibitor. However, the
role of myostatin in driving sarcopenia has been debated as
specific force has been shown to reduce in myostatin null
mice, although their muscle mass increased twofold [39, 40].
Our study demonstrated the over-expression of myostatin
in sarcopenic individuals compared to non-sarcopenic con-
trols. This result corroborates the results from the previous
cross-sectional study, which suggested that serum myostatin
levels increase with advancing age, are highest in physically
frail older women, and are inversely associated with skeletal
muscle mass [41].

In this study, sarcopenic patients had a decreased VDR
expression compared to that of the controls in both Western
blot and immunohistofluorescence. These findings are con-
sistent with previous studies since the VDR expression in
human muscle tissue decreases with age [20, 42]. Simpson
et al. found that young cultured skeletal myocytes expressed
more VDR than old myocytes [42] and Horst et al. found an
association of age with diminished expression of the VDR in
rat intestines and bone tissues [43]. Several previous studies
investigating the effect of VDR expression on muscle mass
suggested an incremental effect of VDR on muscle fibers
[19, 44]. Mouse studies reported correlations between both
vitamin D signaling and VDR expression with grip strength,
fiber quality, and myostatin expression [44, 45]. VDR-null
mice exhibited a clear muscle phenotype, with a small fiber
size and an abnormal expression of all major muscle-specific
genes [46]. Conversely, negative association between VDR
expression and muscle mass was also reported [47], of which
findings seem to be contradictory to our observation. The
previous study showing negative association between VDR
expression and muscle mass did not evaluate gene expres-
sion for VDR, and it was supposed that patients with a low
lean mass increased the VDR expression and maximized the
use of vitamin D to compensate for reduced muscle mass
and strength [47]. This may be associated with non-genomic
effects of vitamin D-VDR complex intracellular signaling.
Although the reason for this discrepancy is unclear, the pre-
sent study evaluates both gene and protein expression for
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Fig.4 Density of cells express-
ing VDR was clearly decreased
in the pronator quadrates muscle
of the sarcopenic patients com-
pared with that in the control
patients, CTL control

CTL

VDR and it may reflect genomic mechanism of VDR signal-
ing pathway.

Although the data of this study could not suggest the
value of VDR on muscle function, recent studies suggest that
vitamin D signaling via VDR plays a role in the regulation of
myoblast proliferation and differentiation [48—50]. VDR-null
mice showed aberrantly increased expression of embryonic
and neonatal MyHC (myosin heavy-chain) isoforms but not
type II (adult fast twitch) MyHC isoform [46]. Knockdown
of VDR inhibits myotube formation concomitantly with
downregulation of MyoD and myogenin [49]. These findings
demonstrate that a substantial level of signaling via VDR is
required for normal muscle development and myogenesis
in vitro. Thus, it can be speculated that a decreased VDR
expression in skeletal muscle leads lower muscle mass and
function in this study. However, the detailed mechanisms of
VDR signaling remain to be elucidated and further studies
are necessary to determine the precise VDR signal pathway
in the progression of sarcopenia.

This study has several limitations that need to be con-
sidered. First, the number of patients was relatively small,
which may have reduced the statistical power of this study
and increased the possibility of reporting false negative
results. Second, the VDR evaluation was cross-sectional,
so a causal relationship between the VDR and changes in
skeletal muscles could not be determined. Further longitu-
dinal studies on changes of VDR expression are necessary.
Third, age-related muscle loss is a multi-factorial process
that involves physical activity, nutritional intake, metabolic
homeostasis, oxidative stress, hormonal changes, and lifes-
pan, and we did not consider these potentially confounding
variables in our analysis. The effects of these factors on the
expression of VDR have not been determined. For instance,
some investigators reported that serum 25-hydroxyvitamin
D (250HD) concentration stimulates intramuscular VDR
expression [19], whereas others found that VDR expression
in muscle was not associated with serum vitamin D level [20,
47]. In addition, we could not include sufficient cytokines
or growth factors relevant to sarcopenia. Instead, we inves-
tigated the reference myokines that are of interest. Including

Sarcopenia

more regulatory factors may allow us to detect other factors
that may have a relationship with a muscle mass change.
Finally, the DRF patients were relatively young to represent
the typical characteristics of sarcopenia such as decreased
activities of daily living and increased frailty; their charac-
teristics and the study results may therefore differ from those
in general populations.

In conclusion, sarcopenic patients had decreased VDR
gene and protein expression in their skeletal muscles. We
also found the over-expression of myostatin and under-
expression of myogenin genes in sarcopenic patients, where
only myostatin showed increased protein expressions. The
under-expressions of VDR may be one of the signal path-
ways for the development or progression of sarcopenia. Fur-
ther studies are necessary to explore the role of VDR in the
progression of sarcopenia.
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