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Purpose of review

The purpose of this review is to critically evaluate the effects of vitamin D on muscle mass and physical/
muscle function in middle-aged and older adults, based on recent human studies, including cross-sectional,
observational, and intervention studies. Vitamin D, beyond its well established role in bone health, has
shown potential in influencing muscle physiology, making it a nutrient of interest in the context of

sarcopenia and related chronic conditions.

Recent findings

The review states how vitamin D affects muscle function, emphasizing its role in muscle cell proliferation,
differentiation, and key signaling pathways. Additionally, the review of recent human studies revealed an
inconsistent relationship between vitamin D and sarcopenia and related indices, with mixed results
regarding muscle mass and strength. Variability in supplementation dose, duration, and baseline 25-
hydroxyvitamin D levels may contribute to these inconsistencies.

Summary

While animal studies indicate vitamin D’s effectiveness in muscle growth, cross-sectional, observational,
and intervention studies do not show clear benefits of maintaining efficient vitamin D levels on muscle mass
or function in humans. Although vitamin D impacts muscle health, it is insufficient alone, emphasizing the
need for a multifaceted approach to sarcopenia prevention and management.
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Vitamin D, a crucial nutrient for maintaining bone
health, has garnered significant attention for its
potential impact on muscle mass and function.
Given the rising interest in optimizing muscle
health to combat sarcopenia and its associated
chronic diseases (i.e. type 2 diabetes and cardiovas-
cular diseases), an updated, evidence-based review is
essential. This study aims to explore the latest find-
ings on vitamin D status and its effects on skeletal
muscle in middle-aged and older individuals. By
synthesizing recent clinical trials and studies, we
seek to provide a comprehensive understanding of
vitamin D’s role in muscle physiology, offering
insights that could inform clinical practices and
public health strategies to improve muscle health
across populations.

Vitamin D metabolism

Vitamin D is a fat-soluble nutrient primarily
obtained through sunlight exposure and to a lesser
extent from dietary sources and supplements. In
humans, vitamin D exists in two primary forms:
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vitamin D, (ergocalciferol), derived from plant
sources, and vitamin D3 (cholecalciferol), synthe-
sized in the skin through sun exposure and also
found in animal-based foods. Once ingested or
produced, vitamin D,/D3 is metabolized in the liver
to 25-hydroxyvitamin D (25(OH)D), the main
circulating form, by cytochrome P450 oxidases,
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Nutrition and physiological function

KEY POINTS

o Vitamin D affects muscle cell proliferation,
differentiation, and calcium homeostasis, which are
critical for muscle function.

o Cross-sectional, longitudinal and intervention studies
present mixed findings regarding the correlation
between vitamin D intake or serum 25(OH)D levels and
muscle mass, strength, and physical performance.

o While vitamin D plays a role in muscle health, it is
insufficient alone to prevent sarcopenia.

primarily CYP2R1. This compound is then further
hydroxylated in the kidneys to its active form, 1,25-
dihydroxyvitamin D (1,25(OH),D) by 25-hydroxy-
lase (CYP27B1) [1].

Role of vitamin D in the modulation of
skeletal muscle mass and function

1,25(0OH),D works with the vitamin D receptor
(VDR) to induce both genomic and nongenomic
actions in skeletal muscle. Genomically, 1,25
(OH),D binds to VDR, which then forms a complex
with the retinoid X receptor (RXR) and modulates
gene expression by binding to vitamin D response
elements (VDREs) in DNA. Nongenomically, 1,25
(OH),D influences intracellular signaling pathways,
including the activation of c-Src and MAPK path-
ways, and modulates calcium homeostasis, impact-
ing muscle function and proteostasis. Vitamin D
treatment in-vitro setting has been shown to influ-
ence key aspects of muscle cell behavior, including
myoblast proliferation, differentiation, and myo-
tube formation. Notably, high doses of 1,25
(OH),D can inhibit myoblast proliferation but pro-
mote hypertrophy in differentiated myotubes. For
example, recent study demonstrated that 1,25
(OH),D3 significantly enhances myogenic differen-
tiation in C2C12 muscle cells by increasing myoge-
nin expression through a functional VDRE on the
myogenin promoter. This effect of vitamin D also
resulted in larger myotube diameters and greater
expression of myosin heavy chain isoforms, indicat-
ing its critical role in muscle cell development [2].

In animal studies, the role of vitamin D in
muscle function and regeneration has been exten-
sively explored using various models. Whole-body
and tissue-specific VDR knockout models exhibit
significant reductions in grip strength and muscle
fiber size, along with increased expression of atro-
phy-related genes, underscoring the importance of
VDR signaling in maintaining muscle integrity.
Additionally, in injury models, the administration
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of vitamin D postinjury enhances muscle regener-
ation by promoting cell proliferation, decreasing
apoptosis, and improving overall muscle repair
[3]. These findings collectively suggest that vitamin
D plays a crucial role in preserving muscle health
and enhancing recovery following muscle damage
or disease. Aside from the morphological changes,
vitamin D influences muscle function by modulat-
ing calcium transport in skeletal muscle through
nongenomic responses. It facilitates rapid calcium
and phosphate movement across cell membranes,
essential for muscle contraction. VDR regulates cal-
cium flow when activated, further influencing
muscle contraction. These mechanisms highlight
vitamin D’s role in calcium handling and muscle
contraction [4].

Review of human studies

In focusing on the relationship between vitamin D
and muscle health, sarcopenia — which increases the
risk of clinical outcomes such as disability, falls, and
mortality — is an important issue. Therefore, we
reviewed articles published in the last 18 months
that examined the relationship between vitamin D
nutritional status and/or serum 25-hydroxyvitamin
D [25(OH)D] levels and sarcopenia and related indi-
cators such as muscle mass, muscle strength, and
physical performance, in independent middle-aged
and older adults. A systematic search was conducted
using Medline (PubMed), with a detailed search
strategy provided in Supplementary information,
http://links.lww.com/COCN/A26.

We excluded RCT studies in which vitamin D
was supplemented with other nutrients except for
calcium. The results of the review are presented in
Tables 1 and 2.

The relationship of dietary vitamin D intake
and sarcopenia indicators (cross-sectional
studies)

The studies about the relationship between vitamin
D intake and indicator of sarcopenia diagnosis are
two studies, but the results are not consistent.
Among 719 older adults aged 70years in Sweden,
vitamin D intake assessed by diet history method
showed a significant positive correlation with limb
skeletal muscle mass index by DXA method
(r=0.219, P=0.004), but no significant relationship
with walking speed or grip strength [5]. On the other
hand, there was no significant difference in the
association between vitamin D intake by one-day
dietary record including supplement and the muscle
mass by DXA method among 159 Brazilian older
adults aged 80years or older [6].

Volume 27 o Number 6 o November 2024


http://links.lww.com/COCN/A26

Vitamin D and muscle health Kuwabara et al.

"A1ayog @oupwiopiay [021sAYd HOYS ‘DddS
‘(opw \A_cog WQ-+ptuadooiog ;m_:cmBmQ s/ - m__Emo_wa YiGZ) ubipaw so umoys si an|oA 8y ‘L ‘UOYDIOOSSD OU ‘*S°U [UOUDIDOSSD aAlpBau - ‘uoypIdossp aAlisod ‘+

JaAO TEU
(s5T1/559 s103k OGK
s'u 4/WH B W umoysun 8By Q161 l6t] oo n
(Apnis |ouipnyiBuon)
(ZzrL
/6711
+ H/WH B W eyl evs 952 [oSL] 1o 42 x04
leLL/8s
- 4/WH W 6§l ves 1L [91] o 4o aoAIS
sioak
(ro/9r 08-05X
- A/W 4R W umoysun 3By g | =u (811 oo nsH
(ajpw Ajuo)
WQ-+piuadooiog
(1891 4840 pup
avad s109k GONE
- sejaqpIq /W4 W umoysun 8By 7667 [£1] P 4o wry
sIIof (22/¢1
su + + + gim siueyoding /W B W (c9l9zz 06 [e1] 1o 4o sbyojos
(ro/1¢€
+ 4/WH B W (tshroz  s6 [z1] 70 42 eunpowMg
(£y1/es Hor06
il - U U H/WH B W -0°€8) §'58 00z [L1] o 4o 10104
uswom
josnodouswysod
s'u ‘s'u ‘stu Ayijoey 4 £v)s09  zol [0t] o 4o piofom
sjuaididal
dmppoyo (£9/96 Hoes
su U + + yioay BuiBoyuy /W42 W -0€51 029 €91 6] ‘[o 4o PpoUIDA
19A0 pup
si0ak 09K
su s'u + + 4 umoysun aby v/
J1aA0 puo
si0ak 093¢
- - s'u 's'u + W umoysun aby 8¢S [8] ‘[o +o Bub)
+ 4 l6'6) €95 sz0¢8 [y 1] o 4o Buoyz
s'u s'u s'u s'u + su s'u s'u 4 (zol) £¢c9 91
s'u s'u + + + + s'u s W (z6l9z9  sel [£] 7o 4o tbiusoy
(Apnis [ouoyoes-ssoud) uoypudu0d [G(HO)SZ] @ UIWPHAXOIPAY-GZ wnieg
(oLL/er
su s H/WH B W l6€loz8 651 [9] 7o 42 Bjuoy
(8or/L1g
s BY s + H/WH B W (ol g0z  6lL [6] ‘1o 1o OW opiog
@ UIwDjA *0 Dv_nx:_
s|ip4  Aususp piuadoding (9400s) 1594 (on1) paads paads 1594 1594 (ysbuayys  ssow xapui s1ydoibowap (uoysodoud) (a@s) upaw u
[CEETHTT 9dds  jPm is3j 06  Bupjjpm Bupjppy  pubis [4n> dub pupy) spsny sspw 19y0 xag (sapaKk)
auog ulw-9 pup dn ispy FTLITEY way yibuays apsnw aby
sawi) apsnw (LIS H

mw_mu?_m _UC_TD.__OCO_ TCU _OCOZmeummOLU ul U_CQQOULUw _UCU mUCUE._O“_.th _Uu_m\ALQ _UCU Uoljo.juaduod wnuss 1o mv_-u._c_ @ UIWBJIA Cmm\zmﬁ UolpIdOSSD QL._. ‘L 9|9pl

501

www.co-clinicalnutrition.com

1363-1950 Copyright © 2024 The Author(s). Published by Wolters Kluwer Health, Inc.



Nutrition and physiological function

" UWBlIA ‘gA ‘09 pup dn-pawi] ‘On] ‘Aleppg eoubwiopiad [0o1sAyd HoYS ‘dddS ‘q ulwoiakxoipAy-6z ‘a(HO)SZ

(L (v
(zovt) zoz (eve) 1661 (e5) 110 8'GG 10qeoD|d
:0q220(d(1"6) :0q@op|d(y7/’9) :0q00|d(/'€) [LL] (o0l
¥6°6| :Buiuioy €/°7¢ Buiuioy (ogeon|d) 8°6¢ :Buiuioy 766 :Buruioy
90UDjsIsa1+0qedD|d 20UDs1521+-0q0D|¢ Aop /67 90UDJsIs9.-+008D|d 90UDJsIs3.-+00eD|d
[LL](8°¢)
Buaus (r21) (6vzt) (Lg) 76 Buiuioy
S[osNW seyIwaLxd sas1o1oxa ssaud sep|noys €9y Buiuioy G8'Z¢ Buruiny (p/Br G/ 98z :Buiuioy 20UDJsIsal+JA
-1amo| pup -1addn uy ‘lin> Baj ‘uoisusyxe 20ouDjsIsal+ A 20ouDjsIsal+JA o} jus|oainb3) 20UDJsIsal+ A [11] [12]
{uswanoiduny juoayiubis oN Bo| ‘ssad ysay> ‘ssaud By (G0'81) 6€'8Z AN (£9W1) 65°2Z ‘AN SpPIM 7| s z/B10gz1 (0°6) 662 :aA (8%) 4G QA P 42 14B1yBoy
(ogeon|d)
(e9) £z2 0dele Aop /610 [z 879z [1oz] (s) 1z
2insDBW 9dUD|P] PUD
soupwiopied |poisyd
Jayjo U1 jusweroidwi
suooyubis oN'[7Z0'0 =d
llz1) o1-sr (6781
"] dnoib ogeon|d puD}s wapup} puo
oy yim paindwod dnoib pupys Baj-euo ayy ‘sise}
QA ®Y# ut paspaidep 90up|Pg oM} ‘(BSL-IIDYD
ApuooyiuBis yiBuaus pup ‘yiBuays dub yjom [sz] oo
dub puoy juouiwiop ay| pawy) souowiiopiad Sjasnyy (s°2) 8°0¢€ lzdzee syuow 9g p/Brig /L (07) 6792 [s811(s) 1£ sayBnp-uosmoq
(ogeopd) [z2]
(e'8) 9'€T (8'v) g0z Aop/Brig (6 z'9z uoydiosep oN
yibuays dubpuoy (9°2) (99) (ew) [1€] uonduossp
Sy} 4s8} puD}s JIbYD 6°2€ Aytuow /€T Aytuow w/Br oGz | 8'9Z Ajyiuow ON :Ajyiuow gA
soupuiiopiad [poisAyd ut puodas -Og ‘isa4 |pm anlo 2 anlo9) Ajyuow gAp anly ) [£z] uoudiosep
{uswasoidui jupoyiubis oN uiw-g ‘on| ‘Ise} pno wiy 0°8¢ “AlIop aA 6°€2 “Ajop aA SpeIM /| /67 0z Ajiop aA €82 AlIop aA ON “A1op QA [e2] [0 42 s9x01Q
uoydiosap oN lzsloee Aop /Bl g (7'9) 9°0¢ 822l (es) T 2L
(uoypjuswboy Ajiaipo
pup ‘App Jad sejnuiw (p/67001
S2WO24N0 aljop ‘Aop Jed spunod ‘p/B7 oG
Ayayoo poisAyd uy AjIAOD |DjO)) s8WodinNo 'p/67 6z)
1uewanoidw jupdliubis oN Ao [o2154yd ‘gdds uoydiosap oN v oce sypuow yg Aop/B gz< (8°6) 9'0¢ lest] (e76) T 22 [zl ‘1o 4o yooug
(ogeon|d)
(0's) z'0z 67 661 Aop /610 (9'v) v'oe loZl (e9) 1'es
Ayoojea B ‘Aoms
|oingsod ‘9n | ‘Aseypq
eoupuioyied |poisAyd
@oupwiiopied [poisAyd 29V Yi[PraY ‘addS
10 ‘yibuays ‘lemod Ba| ut ‘yiBuays dub pup B
{uswanoidullijupoyuBis o ‘1omod Baj Ajwiaixe-1omon (£'9) 9'82 Zv) el syuow z| Aop /61 0g (ev) zoe [99] (€79) €2 [2Z] o 42 uorsnoyy
abupoyd (ogeon|d)
1uooyuBis oN (e6) 282 Aop/B1l o (r's) e'82 [resl (99) 159
9ddS
‘spupjs JIbyd pajpadal
eoupuiopiad [poisAyd ut ‘@oup|pq Buipupys ‘paads
juawaroiduiy yuooyubis o Bupjjom ‘oL ‘yhuass duo (0°6) 0°0¥ (8'8) 922 syiuow g Aop/B1 oG (€75) 18z lozsl (e9) £v9 [402] o 42 noy>
dnoib uoyuaa sswodno (@s)unaw (@s) uoaw uoypInp Jw/Bu ‘pappo Iwe (sjpnpiaipul EERITEIETE) ]

-I9jul 3y} Ul SWO4NO UIDW

‘Ju/Bu ‘a(HO) ST
uolu3AIBRUI ‘.0—&<

‘|wi/Bu ‘a(HO)
ST dulesng

uoyuaAIau|

Q uuoyA

jo *ou) sipak
ul 96D upay

sexapul AJAD pup ‘jse} sdupwiopiad ‘uolouny |poisAyd uo

CO_._U.—CQF_Q_QO_Dw @ UIWRHA “_O whuwu_u_w umw:uj._m _Om—UD_UC_ Or_h u_O wUIwTO.—UU;ULU mc__wmom ‘T °I9pL

Volume 27 o Number 6 o November 2024

www.co-clinicalnutrition.com

502



The relationship of serum 25(0OH)D
concentration and muscle mass and
physical/muscle function (cross-sectional
studies)

Nine studies examined the relationship between
serum 25(OH)D concentration and muscle mass,
strength or function. Four investigated the relation-
ship between serum 25(OH)D concentration and
both of skeletal muscle mass and muscle strength
[7-10]. There were four studies that only included
older people [8,11-13]. Skeletal muscle mass was
assessed by BIA in three studies [7,8,14] and by
DXA in three studies [9-11]. Seven, two and three
studies assessed muscle strength (hand grip
strength) [7-10,12,13,15%] and walking speed
[7,8,13], respectively. For all indicators, the results
were not consistent by sex and age group. In a study
measuring serum 25(OH)D concentration in four
seasons (spring, summer, autumn and winter), the
results differed from season to season [10]. Consid-
ering that serum 25(OH)D concentration is also
affected by sunlight, the season in which the study
was conducted may have influenced the results.

The relationship between 25(OH)D
concentration and falls (cross-sectional
studies)

There are two studies about the relationship
between 25(OH)D concentration and falls [11,13].
Participants were asked about their history of falls in
the past 12months. While participants with falls
had a significantly lower serum 25(OH)D concen-
tration than those without falls among people aged
65 years and over (24.3+8.9 vs. 30.6 £9.3ng/ml,
P=0.001) [13], no association was observed in the
study for participants aged 80years and over [11].

The relationship between sarcopenia and
serum 25(OH)D concentration (cross-
sectional studies)

Four studies examined the relationship between
sarcopenia and serum 25(OH)D concentration.
The diagnosis of sarcopenia used was the European
Working Group on Sarcopenia in Older People
(EWGSOP2) criteria in two articles [8,16] and the
Asian Sarcopenia Working Group 2019 (AWGS2019)
criteria in two articles [17,18].

The participants in all studies had a relatively
high range of serum 25(OH)D concentrations. How-
ever, only one study found no association between
sarcopenia diagnosis and serum 25(OH)D concen-
tration [17]. However, in the study, the group with
both sarcopenia and type 2 diabetes had the lowest
serum 25(OH)D concentrations compared to those

1363-1950 Copyright © 2024 The Author(s). Published by Wolters Kluwer Health, Inc.
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with sarcopenia alone, diabetes alone, and neither
condition. A study conducted in Taiwan [18]
included participants with type 2 diabetes, catego-
rized into nonsarcopenia, possible sarcopenia, and
sarcopenia groups. The findings demonstrated a
significant inverse association between diabetes
diagnosis and serum 25(OH)D levels. Furthermore,
participants with both sarcopenia and osteoporosis
had the lowest levels of vitamin D, which was gen-
erally consistent with previous study [16]. Future
studies on the associations between serum 25(OH)D
concentrations and sarcopenia should consider the
involvement of other metabolic diseases.

Longitudinal study

In a cohort study involving 1910 Chinese men and
women aged 50 years and older, the association
between changes in sarcopenia status over 4 years
and serum 25(OH)D levels was investigated. Sarco-
penia was diagnosed using AWGS 2019 criteria.
Although the assay method for determining serum
25(OH)D concentrations was not specified, no sig-
nificant association was found after adjusting for
covariates [19].

Vitamin D supplementation (intervention
studies)

In this section, we review randomized controlled
trials (RCTs), all of which were double-blind, inves-
tigating the effects of continuous vitamin D supple-
mentation on physical functions and performance
tests (Table 2). Six RCTs were selected [20%,21-25].
Three studies used vitamins alone, one included
calcium, one involved resistance exercise, and one
combined vitamin D with both calcium and resist-
ance exercise. Vitamin D dosages ranged from 17.5
to 50 g per day, with interventions lasting from
12 weeks to 3 years. Individuals were aged 50 years or
older, and five out of six studies included both men
and women.

Three studies investigated the effects of vitamin
D supplementation on physical performance, func-
tion, and activity. Two studies examined the effect
of only supplemental vitamin Dj3 (cholecalciferol,
50 pg/day) on physical function and performance
tests. Over a 2-year period in middle to older adults
[20"] and a 12-month period in older adults [22],
both studies consistently reported no significant
effects on physical function and performance tests.
Another study [24] observed the effect of 50 pg/day
vitamin D3 supplementation over 24 months on
physical activity during free-living conditions in
individuals over 70years old. The results showed
no significant changes in overall physical activity
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levels, suggesting that vitamin D supplementation
alone does not influence daily physical activity
patterns in older adults.

One study examined the effect of combining
vitamin D and calcium on muscle strength and
physical performance [25]. This study found no
significant improvement in muscle performance
measures such as walking speed, grip strength,
and chair-rise time, or balance measures like the
one-leg stand and tandem stand compared to pla-
cebo. In fact, despite the supplementation with
vitamin D3 and calcium, grip strength of the dom-
inant hand decreased in the supplemented group
compared to the placebo group. On the contrary,
higher 3-year mean 25(OH)D levels were positively

associated with improved one-leg stand time, sug-
gesting a potential benefit for balance.

Another study investigated the combined effects
of vitamin D supplementation and resistance train-
ing over 12 weeks [23]. The results indicated signifi-
cant improvements in muscle strength and power
with resistance training. However, vitamin D sup-
plementation alone did not provide any additional
benefit. This highlights the importance of physical
exercise in improving muscle function and suggests
that vitamin D alone is not sufficient.

Overall, recent intervention studies suggest that
vitamin D supplementation does not significantly
enhance physical performance, muscle function, or
daily physical activity patterns in middle-aged to

(a) OControl BEIntervention
50 - *
45 -
40 -
35 -
30 -
25
20 -
15 -
10 -

25 (OH)D (ng/mL)

Post intervention

(12 weeks)

Baseline

50 - OControl ®EDaily B Monthly
45 4 $
40 %

35 1
30
25
20 -
15 A
10 -
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Post intervention

(17 weeks)
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(b)
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Changes in Serum 25-hydroxyvitamin D [25(OH)D] concentrations before and after Vitamin D supplementation
across four randomized controlled trials (RCTs). Panels (a: Ref. [21], b: Ref. [22], c: Ref. [23], and d: Ref. [25]) correspond to
different RCTs. * significantly different from baseline, # significant difference in change from pre to postintervention between

groups (P<0.0001), % P=0.01 vs. baseline, $ P<0.001 vs. baseline, ¥ P<0.001 vs. control.
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older adults regardless of the frequency, dose, or
duration of the intervention. One contributing fac-
tor is that the study was conducted in populations
with vitamin D sufficiency (25(OH)D level > 20 ng/
ml) (Fig. 1). A previous review indicated that the
effectiveness of vitamin D intervention on clinical
outcomes is poor in vitamin D sufficient individuals
with baseline circulating 25(OH)D levels of at least
20ng/ml [26].

In addition, a recent meta-analysis further com-
plicates this picture, revealing that vitamin D sup-
plementation might negatively affect muscle
health, including increased time for timed up and
go (TUGQG) tests, decreased maximal muscle strength
during knee flexion, and a trend toward lower Short
Physical Performance Battery (SPPB) scores [27].
These findings suggest that vitamin D alone may
not provide clear benefits for muscle health and may
even have adverse effects under certain conditions.
Furthermore, inconsistent findings regarding vita-
min D’s effects on muscle mass and function may
stem from variations in supplementation dose,
duration, baseline 25(OH)D levels, and genetic fac-
tors. Polymorphisms in the VDR gene, such as BsmlI
and Fokl, might influence individual responses to
vitamin D, leading to varied outcomes [28]. How-
ever, it is too early to draw conclusions due to the
small number of studies reviewed.

The relationship between vitamin D and muscle
health in middle-aged and older adults is complex
and not fully conclusive. Recent human studies
have shown inconsistent results regarding the ben-
efits of vitamin D status on muscle mass, strength,
and function. These mixed outcomes may be due to
differences in study design, ingested dosages, and
participants’ baseline 25(OH)D levels. While in-
vitro and animal studies indicate that vitamin D
plays a significant role in muscle physiology, these
findings are not always reflected in human trials. It
is clear that vitamin D alone is not sufficient to
prevent sarcopenia, emphasizing the need for a
multifaceted approach that includes resistance
training and takes into account individual genetic
differences. Future research should focus on unrav-
eling the detailed interactions between vitamin D,
muscle function, and other influencing factors to
improve muscle health strategies for aging popula-
tions.
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