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Abstract

Background Vitamin D is an essential nutrient in musculoskeletal function; however, its relationship to
sarcopenia remains ambiguous, and the mechanisms and targets of vitamin D activity have not been
elucidated. This study aimed to clarify the role of vitamin D in mature skeletal muscle and its relationship with sarcopenia.
Methods This epidemiological study included 1653 community residents who participated in both the fifth and seventh
waves of the National Institute for Longevity Sciences, Longitudinal Study of Aging and had complete background data.
Participants were classified into two groups: vitamin D-deficient (serum 25-hydroxyvitamin D < 20 ng/mL) and non-
deficient (serum 25-hydroxyvitamin D > 20 ng/mL); they underwent propensity-score matching for background factors
(age, sex, height, weight, comorbidities, smoker, alcohol intake, energy intake, vitamin D intake, steps, activity, season
and sarcopenia). Changes in muscle strength and mass over the 4-year period were compared. For basic analysis, we gen-
erated Myf6“"*¥*"2 Vitamin D Receptor (VDR)-floxed (Vdr™%°) mice with mature muscle fibre-specific vitamin D receptor
knockout, injected tamoxifen into 8-week-old mice and analysed various phenotypes at 16 weeks of age.

Results Grip strength reduction was significantly greater in the deficient group (—1.55 =+ 2.47 kg) than in the
non-deficient group (—1.13 = 2.47 kg; P = 0.019). Appendicular skeletal muscle mass reduction did not differ significantly
between deficient (—0.05 + 0.79 kg) and non-deficient (—0.01 + 0.74 kg) groups (P = 0.423). The incidence of new cases
of sarcopenia was significantly higher in the deficient group (15 vs. 5 cases; P = 0.039). Skeletal muscle phenotyping of
Vdr™™*° mice showed no significant differences in muscle weight, myofibre percentage or myofibre cross-sectional area;
however, both forelimb and fourlimb muscle strength were significantly lower in Vdr™®° mice (males: forelimb,
P = 0.048; four-limb, P = 0.029; females: forelimb, P < 0.001; four-limb, P < 0.001). Expression profiling revealed a signif-
icant decrease in expression of sarcoendoplasmic reticulum Ca?*-ATPase (SERCA) 1 (P = 0.019) and SERCA2a (P = 0.049)
genes in the Vdr™¥° mice. In contrast, expression of non-muscle SERCA2b and myoregulin genes showed no changes.
Conclusions Vitamin D deficiency affects muscle strength and may contribute to the onset of sarcopenia. Vitamin
D-VDR signalling has minimal influence on the regulation of muscle mass in mature myofibres but has a significant in-
fluence on muscle strength.
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Introduction

Vitamin D deficiency is believed to be widespread worldwide."
Vitamin D has a critical contribution to the metabolism of cal-
cium and the maintenance of musculoskeletal function. The
relationship between blood vitamin D concentration and geri-
atric diseases, such as osteoporosis and sarcopenia, as well as
functional disorders, such as falls, muscle strength loss and
slow walking speed, has been reported recently.”™ Vitamin
D supplementation in vitamin D-deficient patients induces sig-
nificant hip muscle strength® and helps prevent falls in older
people over 65 years of age,” indicating a strong relationship
between vitamin D and muscle and motor function. However,
whereas lean limb skeletal muscle mass (SMI) and grip
strength are used to diagnose sarcopenia,’ the relationship
between blood 25-hydroxyvitamin D (25(0OH)D) concentration
and sarcopenia remains ambiguous, and further investigation,
including evaluation of the mechanism of action of vitamin D,
is needed.>#10

One of the pathways for the effects of vitamin D on skel-
etal muscle is the genomic pathway, which is mediated via
binding to vitamin D nuclear receptors (VDRs). Abnormali-
ties in this signalling system, such as vitamin D deficiency
or impaired utilization of vitamin D due to reduced VDR ex-
pression in muscle tissue, are assumed to have negative ef-
fects on muscles.’* Notably, Vdr knockout mice and condi-
tional knockout mice generated using HSA-Cre, a myocyte-
specific Cre driver, show muscle atrophy, histological
changes and muscle weakness.'**® However, the role of
this signalling pathway in mature myofibres, which is the
essence of sarcopenia, has not been accurately assessed
in VDR-deficient mice because the effects of tissue specific-
ity and VDR deficiency on muscle during development can-
not be ruled out.

Based on these findings, the present study combined
epidemiological studies on serum vitamin D levels and
age-related changes in muscle mass and strength
based on data from a long-term longitudinal epidemiologi-
cal survey of local residents and basic studies using mature
skeletal muscle-specific VDR-deficient mice generated using
genetic recombination technology. This study aimed to clar-
ify the function and role of vitamin D in mature
skeletal muscle in addition to its relationship with
sarcopenia.

Subjects and methods
Epidemiological analysis
Participants

The National Institute for Longevity Sciences, Longitudinal
Study of Aging (NILS-LSA) is a dynamic cohort study that ob-

serves age-related changes in middle-aged and older commu-
nity residents aged >40 years in Obu City (lat. 35°01'N) and
Higashiura Town (lat. 34°58'N), Aichi Prefecture, Japan. In this
project, the normal ageing process is assessed using detailed
guestionnaires and tests in the areas of medicine, body com-
position and measurements, motor function, nutrition and
psychology.’* Among the 1919 participants from both the
5th wave (total of 2419) from July 2006 to July 2008, and
the 7th wave (total of 2330) from July 2010 to July 2012,
we included 1653 participants with background factors (age,
sex, height, weight, total caloric intake, alcohol intake, season
of check-up, total physical activity, vitamin D intake and daily
steps measured in the 5th wave; and muscle strength, muscle
mass, and walking speed measured in both 5th and 7th
waves). Written informed consent was obtained from all par-
ticipants. This study has passed an institutional ethics review
(no. 1521-2).

Methods

Measurement of physical performance Grip strength (kg) was
measured in the standing position using a digital hand dyna-
mometer (T.K.K.4301a, Takei, Niigata, Japan). Normal walking
speed over a 10-m distance was measured using YW-3
(Yagami, Aichi, Japan).

Measurement of blood vitamin D levels Blood samples were
collected from fasting or non-fasting participants, and the se-
rum obtained by centrifugation was stored at —80°C. Blood
vitamin D concentration was determined by measuring the
serum 25(0OH)D concentration (ng/mL) using double antibody
radioimmunoassay. Based on vitamin D concentration, partic-
ipants were classified into two groups: vitamin D deficient
(serum 25(0OH)D concentration <20 ng/mL) and non-
deficient (serum 25(OH)D concentration >20 ng/mL).*”

Muscle mass measurement

Total body muscle mass was measured using QDR-4500 dual-
energy X-ray absorptiometry (DXA) unit (Hologic, Bedford,
MA, USA). The total body soft tissue was divided into the ex-
tremities and trunk. The lean soft tissue mass of the arm and
leg regions were combined to determine appendicular skele-
tal muscle mass (ASM). The SMI (kg/m?) was calculated as
ASM divided by height?®.

Background factors

The height (cm) and weight (kg) were measured using a dig-
ital scale. Body mass index (BMI) (kg/m?) was calculated by
dividing weight by height®. Medical history and smoking
habits were assessed using a questionnaire and confirmed
by a physician during physical examination. Interviewers used
a questionnaire to ask participants about their physical activ-
ity habits, frequency and exercise intensity (metabolic equiv-
alent [MET] x min x 10 3/year) over the past 12 months.
Nutritional intake was assessed using a 3-day food record
and daily averages of total caloric intake (kcal/day), alcohol
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intake (g/day) and vitamin D intake (png/day) were calculated.
Because serum vitamin D measurements are influenced by
seasonality, we categorized participants into four seasons ac-
cording to the season in which the test was performed.* The
participants wore a uniaxial accelerometer sensor (Lifecorder,
Suzuken, Aichi, Japan) constantly for 7 days, except during
sleep or bathing, and the average number of steps was calcu-
lated from the records of 5 days, excluding the maximum and
minimum.

Sarcopenia-related classification

With reference to the Asian Working Group for Sarcopenia
2019 criteria,*® the following criteria were used: dynapenia
(muscle function loss: grip strength <28 kg in men, <18 kg
in women and/or walking speed 1.0 m/s), presarcopenia
(muscle mass loss: DXA 7.0 kg/m? in men and 5.4 kg/m? in
women), sarcopenia (muscle mass loss and weak grip
strength or slow walking speed) and severe sarcopenia (mus-
cle mass loss and weak grip strength and slow walking
speed).

Statistical analysis

Participants were classified into vitamin D-deficient and
non-deficient groups. To adjust for baseline differences be-
tween the groups, matching was performed using a 1:1
matching protocol without replacement (greedy-matching al-
gorithm) with a calliper width equal to 0.2 of the standard de-
viation of the logit of the propensity score. Participants were
matched using propensity scores for background factors [age,
sex, height, weight, medical history (diabetes mellitus, hyper-
tension, hyperlipidaemia, heart disease, stroke), smoking
habit, alcohol intake, energy intake, vitamin D intake, total
activity, steps, season, sarcopenia-related classification]. Cat-
egorical data were compared between the two groups using
Fisher’s exact or chi-square tests. All analyses of continuous
variables were performed using the student’s t-test. All statis-
tical tests were performed using SPSS version 27 (IBM Corp.,
Armonk, N.Y., USA). Statistical significance was set at
P < 0.05.

Basic analysis

Subjects

To elucidate the function of the vitamin D-VDR signalling
pathway in mature skeletal muscle cells, Myf6-ERT2
VDR-floxed (Vdr™®°) mice were generated and analysed.

Materials and Methods

Animals Myf6-*"™? mouse lines were obtained from the
Jackson Laboratory,*”*® and VDR-floxed mice were obtained
from the University of Tokyo.™® These mice were crossed to
generate Vdr™™*° mice. To induce Cre-mediated recombina-

tion and mature muscle fibre-specific vitamin D receptor de-
ficiency, 8-week-old mice were injected intraperitoneally with
1 mg of tamoxifen per 10 g of body weight for 5 days. Various
phenotypes were analysed at 16 weeks of age. Muscle
strength (grip strength) was evaluated, and the tibialis ante-
rior (TA) and soleus muscles were obtained to determine
their wet weight, muscle fibre cross-sectional area (CSA)
and percentage of fast and slow muscle fibres. VDR expres-
sion was assessed in the extensor digitorum longus (EDL)
and soleus muscles. Polymerase chain reaction (PCR) was
performed using the gastrocnemius muscle. All mice were
maintained, crossed, genotyped and sacrificed in accordance
with the Institutional Animal Care and Use Committee of the
National Center for Geriatrics and Gerontology (3-55 and 4-
15).

Western blot analysis Both the EDL and soleus muscles were
dissected from control and Vdr™™° mice. Snap-frozen muscle
tissues were crushed on an LN2-cold mortar, and the crushed
muscle powders were further homogenized in SDS-HBS using
a tissue homogenizer. Homogenates were subjected to elec-
trophoresis (SDS-PAGE) in Laemmli sample buffer. After trans-
fer to the PVDF membrane, the VDR protein was detected by
western blotting using the standard method. VDR was de-
tected using anti-VDR primary (9A7; Thermo Fisher Scientific,
Waltham, MA, USA) and anti-mouse IgG-HRP secondary (Cell
Signaling Technology, Danvers, MA, USA) antibodies.

Measurement of serum 25(0OH)D level

To measure circulating the 25(OH)D level, blood was col-
lected from the tail vein of Vdr-cKO mice at 4 weeks after ta-
moxifen injection and then centrifuged at 2,000 rpm for
20 min to prepare the serum fraction. Serum samples were
divided into 50 plL aliquots and stored at —80°C before use.
Serum 25(OH)D levels were measured by ELISA (Cayman
chemical, Ann Arbor, MlI, USA) following the manufacturer’s
protocol.

Cultivation of C2C12 myotubes with vitamin D C2C12 myo-
blasts (p5) were cultivated in 20% FBS/DMEM until they
reached 100% confluence, after which the medium was re-
placed with 2% HS/DMEM to induce terminal differentiation.
At 48 h, vitamin D (100 nM, calcitriol; Cayman Chemical, Ann
Arbor, MI, USA) was added to the medium, and the myotubes
were cultivated for a further 24 h.

Myofibre analysis (CSA and myofibre type) Dyeing of
slow-twitch and fast-twitch muscle fibres was performed using
immunofluorescence staining for an anti-slow myosin heavy
chain antibody (clone NOQ7.5.4D; Merck-Millipore,
Burlington, MA, USA) (1:4000) and anti-fast myosin heavy
chain antibody (clone 8F72C8; Merck-Millipore) (1:4000). An
anti-laminin antibody (Sigma, St Louis, MO, USA) was used to
stain the myofibre basement membrane, and DAPI was used
for nuclear staining. After staining, photographs were taken
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under a microscope, and the obtained images were used to
calculate the CSA (1m?) and the percentage of each fibre type.
The myofibre CSA was measured using ImageJ software (NIH).

gPCR RNA was extracted from the gastrocnemius muscle of
control and Vdr™© mice and C2C12 myotubes, and quantita-
tive reverse transcription (RT)-PCR was performed after cDONA
synthesis. TRI reagent (Molecular Research Center, Cincinnati,
OH, USA) was used for RNA extraction, and the PrimeScript Il
1% strand cDNA synthesis kit (Takara-Bio, Shiga, Japan) was
used for cDNA synthesis. PCR was performed using a CFX96
real-time PCR detection system (Bio-Rad, Hercules, CA, USA).
The PCR primer sequences were as follows: glyceraldehyde-
3-phosphate dehydrogenase (Gapdh), sarcoendoplasmic re-
ticulum Ca®*- ATPase (Serca) and myoregulin (Min).

Gapdh; 5'-ATCACTCGCCACCAGAGAGACT-3’ and 5'-CATGCCA
GTGAGCTTCCCGTT-3’

Sercal; 5'-GCCCTGGACTTTACCCAGTG-3' and 5'-CCTCCAGAT
AGTTC-3’

SercaZa; 5'-GATCCTCTACGTGGAACCTTTG-3" and 5-GGTAGA
TGTGTTGCTAACAACG-3'

Sercazb; 5'-GATCCTCTACGTGGAACCTTTG-3' and 5'-CCACAG
GGAGCAGGAAGAT-3'

Min; 5'-CAACGTTGCTAGGAAAACACC-3' and GCTCTTGCCACT
CATGTTCA-3’

Number of satellite cells Satellite cell numbers were mea-
sured in thin frozen sections of the TA and soleus muscles
and compared between control and Vdr™™° mice. Satellite
cells were visualized using anti-calcitonin receptor (CalR) an-
tibody (Bio-Rad) (1:50) and co-stained with anti-laminin anti-
body. Cells that were CalR positve and located just below the
basement membrane were determined to be satellite cells.

Nuclear domain size Thin frozen sections of TA muscle were
subjected to immunofluorescence staining with anti-laminin
antibody, and the number of nuclei per myofibre was
counted by nuclear co-staining. Nuclei inside laminin were
determined to be myofibre nuclei.

Muscle strength (grip strength) measurement Grip strength
was measured in both males and females 2 months after ta-
moxifen administration. It was also measured 14 months af-
ter tamoxifen administration in males only. The two measure-
ments were obtained for the forelimb and four limbs, and the
mean values were used for analyses. GPM-101B/V (Melquest,
Toyama, Japan) was used for measurements (in g).

Measurement of sarcoplasmic reticulum (SR) CaZ" ATPase ac-
tivity TA muscle was harvested from 10-month-old female
Vdr™®© and control mice, and muscle homogenates were pre-
pared after cryopreservation (n =4 and n = 3, respectively). Af-
ter treatment with saturated ammonium sulfate, the homoge-
nates were centrifuged, and the pellet was resuspended in

ice-cold ATPase buffer. The homogenates were further treated
with low (0.8 mM) or high (20 mM) concentrations of Ca®* and
then analysed using an ATPase assay kit (Abcam, Cambridge,
UK) according to the manufacturer’s protocol, and ATPase ac-
tivity in the muscle was measured. Because a high concentra-
tion of Ca®* immediately inhibits SR Ca®* ATPase activity, the
difference in activity between the low and the high concentra-
tions of Ca®* was defined as the SR Ca?* ATPase activity.

Statistical analysis

A two-tailed Student’s t-test was used to compare data be-
tween the control and Vdr™™° mice or vitamin D-treated
groups. All statistical analyses were performed using
GraphPad Prism 7 and 9 software (GraphPad Software, San
Diego, CA, USA).

Results
Epidemiological analysis

Using propensity-score matching, 384 cases were selected in
both the deficient and non-deficient groups (Figure 1). The
matched groups showed no significant differences in back-
ground factors (P > 0.05) except for serum 25(OH)D
(P < 0.001) (Table 1). Therefore, the standardized difference
was <0.1 for most variables except for season and serum 25
(OH)D, and the two groups were generally balanced by
matching. The results for grip strength and muscle mass
showed that the reduction in grip strength was significantly
greater in the deficient group (—1.55 + 2.47 kg) than in the
non-deficient group (—1.13 + 2.47 kg) (P = 0.019) (Table 2).
ASM and SMI did not differ significantly between the defi-
cient and non-deficient groups [—0.05 + 0.79 kg,
—0.01 + 0.74 kg (P = 0.423); 0.02 + 0.29 kg, 0.02 + 0.29 kg
(P = 0.743), respectively]. The incidence of new cases of
dynapenia did not differ significantly between the deficient
(15 cases, 3.9%) and non-deficient groups (17 cases, 4.4%).
The incidence of new cases of sarcopenia was significantly
higher in the deficient group (15 cases, 3.9%) than in the
non-deficient group (5 cases, 1.3%) (P = 0.039).

Basic analysis

When tamoxifen was administered to 8-week-old mice, a de-
crease in VDR expression was observed in both the slow- and
fast-twitch muscles of Vdr™™° mice 2 months later. Thus,
VDR is specifically defective in mature muscle fibres (Figure
2A). Skeletal muscle phenotyping of Vdr™™° mice after
8 weeks of tamoxifen injection showed no significant differ-
ences in muscle weight, distribution of fast and slow fibres
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Participants (5" & 7t)
n=1919

!

Participants with Grip, Appendicular Skeletal muscle
and Walking speed (5" & 7t")
n=1823

|

Participants with missing values for variables in the
5th used for baseline matching were excluded

Serum Vitamin D -2
Smoker -1
Medical history -0
Total activity -4
Energy, Alcohol, Vitamin intake -106
Steps per day -57

n=1653

|

Vitamin D Vitamin D
deficient non-deficient
n=433 n=1220

! |

[ Propensity score matching |

! !

Vitamin D Vitamin D
deficient non-deficient
n=384 n=384

Figure 1 Flowchart of enrolled participants.

or myofibre CSA (Figure 2B—D). The number of satellite cells
per myofibre and the number of myonuclei were compared,
and these parameters also showed no significant differences
between Vdr™™© and control mice (Figure 3A and 3B). These
results indicate that VDR deficiency did not cause morpholog-
ical changes in mature skeletal muscles. Also, there was no
significant difference in serum 25(OH)D levels between
Vdr™™© and control mice (Figure S1). Expression profiling of
genes involved in muscle exertion in mature muscle fibres
revealed a significant decrease in the expression of Sercal
(P =0.019) and SercaZa (P = 0.049) in the gastrocnemius mus-
cles of Vdr™*° mice (Figure 4A). In contrast, no changes were
observed in the expression of SercaZb, the non-muscle type
SERCA, and Min. A similar phenomenon was observed when
vitamin D was added to the mouse myogenic cell line
C2C12 cells (Figure 4B). These results suggest that vitamin D
and VDR contribute to muscle exertion by regulating
calcium-dependent ATPase expression. Notably, the Vdr™©
mice showed a significant decrease in SR Ca®* ATPase activity
(P =0.0031) (Figure 4C) and muscle strength. Two months af-
ter tamoxifen administration, both forelimb and four-limb
muscle strength were significantly lower in Vdr™™° mice
(males: forelimb, P = 0.048; four-limb, P = 0.029; females:
forelimb, P < 0.001; four-limb, P < 0.001), and after
14 months, only four-limb muscle strength was significantly
lower in Vdr™™*® mice (P = 0.003) (Figure 5A and 5B).

Discussion

In a relatively short longitudinal study (4 years) of community
residents, vitamin D level at baseline had no significant effect

on muscle mass after 4 years; however, it was significantly
correlated with muscle strength. Phenotypic analysis of ma-
ture muscle fibre-specific VDR-deficient mice conducted in a
basic study confirmed that inhibition of the genomic pathway
of vitamin D leads to muscle weakness without affecting mus-
cle mass. From both epidemiological and basic perspectives,
the findings suggest that the effects of vitamin D deficiency
in mature muscle fibres are particularly likely to affect muscle
strength.

A 3-year longitudinal study in the Netherlands found that
low serum 25(OH)D levels of less than 10 ng/mL were associ-
ated with decreased grip strength. A cross-sectional study of
older people in Japan also reported a relationship between
low vitamin D levels and low grip strength.'® These findings
are consistent with that from our study, indicating that low
serum vitamin D levels are closely related to muscle strength
and may be associated with muscle weakness occurring in
the near future (i.e. indicating the potential of serum vitamin
D level as a predictor of muscle weakness). In addition, this
epidemiological study evaluated changes in muscle mass
and sarcopenia classification. As shown in Table 2, the
4-year reduction in muscle mass was small, suggesting that
the muscle-strengthening effect of low serum vitamin D
levels occurs through a different mechanism than the reduc-
tion in muscle mass. However, in the sarcopenia classifica-
tion, vitamin D deficiency was significantly associated only
with new onset of sarcopenia. It is unclear why, but it may
be that vitamin D deficiency has a greater effect in the state
of reduced muscle mass, as in presarcopenia, than in the nor-
mal state. Factors that cause muscle weakness without mus-
cle mass loss include decreased single-fibre contractile
function,?! impaired neuromuscular control such as lower
motor neuron firing rate,?? reduced nerve-conduction
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Table 2 Comparison of sarcopenia-related changes in the two groups
Vitamin D non-deficient Vitamin D deficient
384 384 P value

Grip 7th (kg) 28.55 + 9.14 27.83 = 9.25 0.278
ASM 7th (kg) 16.67 £ 4.24 16.37 £ 3.99 0.307
SMI 7th (kg/mz) 6.55 + 1.13 6.48 + 1.03 0.367
Grip —-1.13 = 2.47 —1.55 +2.47 0.019
ASM -0.01 £ 0.74 —-0.05 = 0.79 0.423
SMI 0.02 = 0.29 0.02 = 0.29 0.743
Sarcopenia classification 7th (%) Normal 266 (69.3) 263 (68.5) 0.299

Dynapenia 26 (6.8) 29 (7.6)

Presarcopenia 75 (19.5) 64 (16.7)

Sarcopenia 14 (3.6) 26 (6.8)

Severe sarcopenia 3(0.8) 2 (0.5)
New dynapenia (%) 17 (4.4) 15 (3.9) 0.857
New presarcopenia (%) 19 (4.9) 13 (3.4) 0.367
New sarcopenia (%) 5(1.3) 15 (3.9) 0.039
New severe sarcopenia (%) 3(0.8) 2 (0.5) 1.000

ASM, appendicular skeletal muscle mass; SMI, skeletal muscle mass.
Values are expressed as number (%).
Mean =+ standard deviation.

P values were obtained using the t-test for continuous data and Fisher's exact test for categorical data.

velocities,?® excitation—contraction uncoupling,®* muscle
fibrosis?® a decline in voluntary neural drive?® and poor mus-
cle quality associated with fatty infiltration.?”?® Using
propensity-score matching, we attempted to extract a clearer
understanding of the effect of vitamin D deficiency status on
mature muscle in middle-aged and older people by matching
participants for age, sex, caloric intake, vitamin D intake, ac-
tivity, lifestyle, medical history and other background factors
that may influence muscle. Based on these findings, we spec-
ulate that muscle weakness in this study was mainly caused
by disturbances in the signalling pathway of vitamin D due
to serum vitamin D deficiency. The mechanism of action of vi-
tamin D can be divided into two main pathways: the genomic
pathway via the nuclear receptor VDR?® and the non-genomic
pathway in which vitamin D directly enters and acts on cells
via caveolae on the cell surface.?® Mature skeletal muscle
functions as an aggregate of myofibres and many other cell
types, and vitamin D target cells exist in addition to
myofibers.3! Therefore, vitamin D may act in a complex man-
ner on various cells and tissues that make up skeletal muscle,
thus affecting muscle strength. As a result, whether this mus-
cle weakness is due to mature muscle fibres or to other cells
and tissues, this mechanism is difficult to elucidate further by
this epidemiological study alone.

We investigated the role of VDR signalling in mature
myocytes by using Myf6, which is expressed in mature mus-
cle fibres, as a driver of VDR deficiency and obtained a pheno-
type in which only muscle weakness was induced without
muscle atrophy or obvious histological changes. This epidemi-
ological analysis did not show correlation between low vita-
min D levels and muscle mass, but with muscle weakness;
these observations are similar to the findings obtained with
Vdr™®© mice. Vitamin D deficiency and decreased VDR ex-
pression may be the accelerating factor in the mechanism

of muscle weakness. Previously, a relationship between vita-
min D and muscle mass had been reported, including an asso-
ciation of vitamin D with muscle hypertrophy? and reduction
of muscle fibre diameter in VDR-null mice,*>® but no muscle
mass changes occurred in the Vdr™™° mice in the present
study. This may be due to the different effects of vitamin D
on developing (or growing) and matured muscle. An
ageing-related reduction in the expression of VDRs has been
suggested to reduce functional responsiveness to vitamin D,
resulting in loss of muscle mass and weakness.>* A previous
report showed a weak correlation between VDR expression
and 25(0OH)D or 1,25-dihydroxyvitamin D.'* Although VDR ex-
pression could not be analysed in this epidemiological study
because muscle samples could not be obtained, the role of
the vitamin D signalling system in muscle may be better clar-
ified in the future by simultaneously measuring blood vitamin
D levels and muscle VDR expression. In the present basic
study, we also found that myofibre-specific VDR deficiency
did not influence circulating 25(0OH)D levels, which is consis-
tent with VDR-null mice,® indicating that there was no corre-
lation between VDR expression in myofibres and circulating
25(0OH)D levels.

In addition, the present analysis of Vdr mice revealed
that the vitamin D-VDR pathway (genomic pathway) regu-
lates muscle exertion by regulating calcium-dependent
ATPase expression. SERCA is a calcium pump in the sarcoplas-
mic reticulum and its membranes that concentrates calcium
in the sarcoplasmic reticulum lumen. Three distinct genes en-
code SERCA 1, 2 and 3, which are known to produce more
than 10 isoforms. The typical isoforms are as follows: SERCA1
is the fast-twitch muscle isoform, SERCA2a is the slow-twitch
(cardiac) muscle isoform, and SERCA2b is the isoform that ap-
pears in all cell types in low abundance.?® In this study, we
analysed the gastrocnemius muscle, which is composed of
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Figure 2 ‘Matured’ myofibre-specific Vdr-deficient mice showed no obvio

both fast (EDL) and slow (soleus) muscles of Vdr™™© mice (cKO). n =

us phenotypes in muscle morphology. (A) VDR expression was decreased in
3 for each group. (B-D) There were no significant differences between

age-matched control (control or Ctl) and Vdr™*° mice in weight of muscles (fast and slow), fibre type, cross-sectional area (CSA). Fibre typing was
performed by immunofluorescence using anti-Fast and anti-Type lla antibodies. Representative images were shown in (C), and the asterisk indicates

the same myofibre in cross section. CSA was calculated in the images for
body weight (mg/g). Values for control and cKO mice in each graph were s
in female. P < 0.05 was statistically significant.

fast-twitch and slow-twitch fibres and found that both
SERCAL and SERCA2a genes were downregulated in Vdr™®
mice, whereas the expression of MLN gene, which antago-

laminin immunostaining (D). Muscle weight was calculated by division with
hown as black circles and red triangles, respectively. n = 3 in male, andn =5

nizes SERCA and regulates muscle contraction,®” was un-
changed in Vdr™™® mice. Since reduced Serca2 expression
was also observed in the skeletal muscle of myocyte-specific
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Figure 3 Vdr loss did not cause an alteration in muscle stem cell number and nuclear domain size. (A,B) Satellite cell number per fibre and nuclear
domain size were calculated on muscle cross sections and compared between control (black bars) and cKO (grey bars) mice. Satellite cells were iden-
tified by immunostaining for calcitonin receptor (CalR) and laminin (A). Nuclear domain size was calculated in the images for laminin-immunostaining
(B). n = 3 in males, and n =5 in females. P < 0.05 was statistically significant.

Vdr-deficient mice, which were driven by HSA-Cre,*® the
findings suggest that vitamin D-VDR signalling specifically
targets muscle relaxation as a point of action. A decrease in
serum vitamin D levels is expected to lead to inadequate
VDR signalling in myofibres, causing excitation—contraction
uncoupling. Notably, VDR deficiency reduced activity of SR
Ca?* ATPase in mature myofibres, which is expected to be
induced by decreased expression of SERCA genes. The
present findings support this, because vitamin D alters the
dynamics of muscle contraction by decreasing Ca®* reuptake
into the SR, thereby prolonging the relaxation phase of
muscle contraction.?®3° Although the mechanism of

reduced grip strength in Vdr™™® mice has not been
completely clarified in the present study, we hypothesize
that prolonged relaxation caused by SERCA inhibition is one
of possible reasons for decrease of muscle strength in the
mice and also elderly study participants. A similar idea has
been discussed in previous study using myocyte-specific Vdr
knockout mice.®® However, no correlation between relaxation
and muscle strength has been reported in slow-twitch mus-
cles of Serca2-conditional knockout mice,*° indicating that
further detailed investigations are needed to clarify the
mechanism of muscle strength reduction due to prolonged
relaxation.
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Figure 4 Fibre contraction-related genes were significantly decreased in VDR-deficient mice. (A) Quantitative RT-PCR (qPCR) analysis was performed
to compare expression of fibre contraction-related genes, Serca, SercaZa, SercaZb and MLN (myoregulin) in the gastrocnemius muscle (n = 3 for each
group). Muscle type of SERCA genes (Sercal and SercaZa) were significantly decreased in cKO mice (grey bars), whereas non-muscle type SERCA gene
(Sercazb) and MLN were not altered regardless of Vdr. (B) C2C12 myotubes were cultivated with vitamin D (100 nM) for 24 h, and then expression of
muscle specific contraction-related genes was analysed in qPCR analysis (n = 3 for each group). Expression of SercaZa was significantly increased in
vitamin D-treated myotubes (vitD; grey bars). (C) SR Ca’" ATPase activity was assayed in TA muscle from control and cKO mice. VDR deficiency caused
a significant decrease in muscle ATPase activity. N = 3 in control group, and n = 4 in cKO group. P < 0.05 was statistically significant.

Limitations

This was a relatively short epidemiological longitudinal study
of only 4 years. Further long-term studies on age-related
changes in vitamin D may clarify the details of the effects
of vitamin D on muscles. We attempted to increase internal
validity by matching background factors that are likely to af-
fect serum vitamin D levels, such as vitamin D intake, physical
activity, season and propensity-score matching, in order to
clarify the possible causal relationship between low vitamin
D levels and muscle weakness. Some problems still exist with
this method, such as the undeniable bias caused by unmea-
sured data and the possibility of reduced external validity
compared to regular cohort studies. In terms of basic re-
search, the knockout mice used in this study were slightly
young in age; we were unable to examine the effects of vita-
min D in older mice. In addition, we were unable to evaluate
the effects of an active form of vitamin D (1,25-dihydroxyvita-
min D) in the blood and its interaction with non-genomic

pathways. More long-term and comprehensive studies are
needed.

Conclusion

In the present study, we attempted to determine the function
and role of vitamin D on mature skeletal muscle from epide-
miological and basic research perspectives. We evaluated the
longitudinal effects of vitamin D levels on muscle strength
and muscle mass over a period of 4 years through a cohort
study in community residents and found that vitamin D defi-
ciency affects future muscle strength and may be a factor re-
lated to the development of sarcopenia. In experiments using
mature myofibre-specific Vdr knockout mice, vitamin D nu-
clear receptor signalling had little effect on the regulation
of muscle mass in mature myofibres, although it had a signif-
icant effect on muscle strength. We also proposed that
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Figure 5 Muscle strength was significantly decreased in VDR-deficient mice. (A) Grip strength (forelimb and four-limbs) was measured at 2 months
after tamoxifen administration and compared between control (black circles) and cKO (red triangles) mice. VDR loss caused a decrease in muscle
strength in both male and female mice. n = 6 in males, and n = 5 in females. (B) Decreased muscle strength in Vdr loss was retained in older male
mice. Muscle strength was measured at 14 months after tamoxifen administration. n = 4 in control group, and n = 5 in cKO group. P < 0.05 was sta-

tistically significant.

vitamin D nuclear receptor signalling contributes to muscle
strength through the regulation of muscle relaxation-related
factors and suggested that muscle weakness induced by vita-
min D deficiency is possibly caused by excitation—contraction
uncoupling.
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