Nutrition 60 (2019) 6669

Contents lists available at ScienceDirect NUTRITION.
Nutrition
journal homepage: www.nutritionjrnl.com —
Review article
Vitamin D, muscle recovery, sarcopenia, cachexia, and muscle atrophy N

Check for
updates

Matheus Garcia **, Marilia Seelaender PhD °, Athanassia Sotiropoulos PhD ¢,
Dario Coletti PhD ¢, Antonio Herbert Lancha Jr, PhD*

2 Biodynamic Department Physical Education and Sport School University of Sao Paulo, Sao Paulo, Brazil

Y Molecular Biology of the Cell Group Department of Cell and Developmental Biology Institute of Biomedical Sciences University of Sao Paulo, Sdo Paulo, Brazil
¢ Institut Cochin Université Paris Descartes, Paris, France

d Sorbonne Université, Biological Adaptation and Ageing, Paris, France

ARTICLE INFO ABSTRACT
Article History: The relevance of vitamin D to skeletal muscle metabolism has been highlighted in recent years. The interest arises
Received 23 July 2018 from the important findings of studies demonstrating multiple effects of vitamin D on this tissue, which can be

Accepted 29 September 2018 divided into genomic (direct effects) and non-genomic effects (indirect effects). Another important aspect to be

considered in the study of vitamin D and muscle fiber metabolism is related to different expression of vitamin D

Kf?ywqrds: receptor (VDR), which varies in muscle tissue depending on age, sex, and pathology. The correlation between low
Vitamin D circulating levels of vitamin D and muscle metabolism disorders is documented in various contexts, including
zz;";}’g:‘a muscle recovery, atrophy, sarcopenia, and cachexia. The aim of this review was to analyze recent results of both

in vitro and in vivo studies to address the relationship between vitamin D and skeletal muscle biology. The words
muscle atrophy, muscle hypertrophy, sarcopenia, and cachexia were crossed over with vitamin D in a Pubmed
search. All original contributions, along with reviews on the topic, were included, and no publications in the past
10y were discarded. The papers retrieved different topics such as vitamin D in skeletal muscle; vitamin D in circu-
lation; vitamin D, sarcopenia, and muscle atrophy; vitamin D and cachexia; and vitamin D and muscle recovery.
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Introduction

The main pathway for vitamin D obtention in humans is through
cutaneous synthesis under the action of ultraviolet rays. Vitamin D
production in the skin provides 80% to 100% of body requirements
[1]. However, factors such as season of the year, regional latitude,
day time of sun exposure, use of sunscreen and clothing, ethnicity,
and age may influence vitamin D synthesis rate [2]. The precursor,
7-dehydrocholesterol (pro-vitamin D), synthesized by the liver from
cholesterol, is converted in the skin while the individual is exposed
to solar radiation [3]. Through thermal isomerization, previtamin D
converts to vitamin D, and in the circulation it binds to vitamin D
binding protein (DBP) and proceeds to the liver, where a hydroxyl
group binds to the carbon atom 25 to generate 25-hydroxyvitamin
D or 25(0OH)D (calcidiol). After these steps, the 25(0OH)D is released
into the circulation, undergoing a new stage of activation in the kid-
neys, where 1-a-hydroxylase converts 25(0OH)D to 1,25 dihydroxy-
vitamin D or 1,25(OH)D (calcitriol), thus turning it into its active
form, which is distributed to different body tissues, such as the
bone, muscular tissue, or intestine [2,4].
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Vitamin D is found in small amounts in plants, in the form of
ergocalciferol (vitamin D;), or found in food of animal origin as chole-
calciferol (vitamin D3) [5]. Vitamin D5 food sources are liver, fish liver
oil, fish fat (salmon, tuna, sardines) and eggs, and some foods fortified
by industry, such as milk, morning cereal, and juices. In addition,
vitamin D, can be obtained by consuming some types of mushrooms
(shiitake) [3]. Vitamin D obtained from dietary sources will also bind
to DBP to convert the active form 1,25(OH)D in the kidneys in a simi-
lar way to the vitamin D obtained by ultraviolet B action [2].

Vitamin D in musculoskeletal tissue

In cellular models, a variety of mechanisms by which vitamin D
interferes with skeletal muscle function has been elucidated. These
can be divided into the following effects:

e Genomic effects arising from the interaction of the 1,25-VDR-
retinoid X receptor heterodimer at specific nuclear receptors
that influence gene transcription.

¢ Non-genomic effects, characterized by rapid activation followed
by other complex pathways of intracellular signal transduction
after binding of 1,25(OH)D to its non-nuclear receptor [2,6,7].
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The mechanism of action of vitamin D in muscle cells started to
be elucidated after the discovery of VDR, which was initially
detected in intestinal cells [8]. By 2004, researchers observed that
when VDR is inhibited by using anti-VDR, it is possible to inhibit
1,25(0OH)D-dependent mechanisms by which the rapid intracellu-
lar entry of calcium can be downregulated, implying a direct non-
genomic role for VDR in manipulating calcium in both bone and
muscle tissue [9,10]. The expression of VDR throughout the stages
of life also appears to change, as demonstrated by the work with
humans by Bischoff-ferrari et al. [11] and in a study with mice [12],
in which VDR messenger RNA (mRNA) expression was found to be
higher in animals at 3 wk of age than in those at 8 wk of age. Based
on these findings, the authors suggested a primary role of VDR in
early-stage muscle development.

VDR is expressed in the nucleus of human muscle cells, and its
deficiency has been shown to affect muscle cell contractility [11].

A study exploiting another animal model (bird myoblasts)
showed that after radiation exposure, 1,25(0OH)D VDR appears to
translocate back to the nucleus to assume its role in transcriptional
regulation. This displacement of the VDR between cytoplasm and
nucleus indicates its ability to induce rapid transcriptional
actions [13]. In addition to the transcriptional effects in an in vitro
model [7], an improvement in cell migration in injured muscle cells
was reported when these cells were stimulated with 1,25(0H)D. In
particular, vitamin D has the ability to improve the speed of progeni-
tors of skeletal muscle to reach a site of damage, as to allow repair
and remodeling of the area.

Another study reported that mRNA and VDR expression appear
in larger numbers in satellite cells than in mature muscle fibers,
suggesting a more prominent role in muscle progenitors [14].

The number of VDRs decreases with age, which is supposed to be
a contributing factor to reducing muscle strength with aging [11,15].

Vitamin D in the circulation

Providing optimal dose or concentration of vitamin D to benefit
muscle metabolism and regeneration has constantly proven to be a
challenge owing to varying and controversial results of recent liter-
ature.

It is recognized that maintenance of good bone mass and modu-
lation of the immune system require different vitamin D serum lev-
els[16].

When assays are performed with muscle tissue, vitamin D defi-
ciency seems to influence the migration and proliferation responses
of satellite cells. However, this same study showed that higher doses
of vitamin D also appear to disrupt the recovery of this tissue [7].

Bone-centered guidelines recommend a target 25(OH)D con-
centration of 20 ng/mL (50 nmol/L) and daily doses of vitamin D,
depending on age, ranging from 400 to 800 IU. The guidelines
focused on the pleiotropic effects of vitamin D recommend a target
concentration of 25 ng/mL (75 nmol/L) of circulating 25(OH)D and
doses of vitamin D depending on age, body weight, presence of dis-
ease, and ethnicity, ranging between 400 and 2000 IU/d [17].

Vitamin D, sarcopenia, and muscle atrophy

The classical view of sarcopenia, from the Greek sarx (flesh) and
penia (poverty), envisages the condition as a component of the fra-
gility syndrome and refers to the degenerative loss of mass, quality,
and strength of skeletal muscle associated with aging [18,19].

This loss in the fourth decade of life is around 0.8%/y. This pro-
cess can be so accelerated that from the sixth decade of life muscu-
lar degradation can reach 15% per decade [20].

With advancing age, there is also a strong incidence of vitamin
D deficiency, perhaps because there is a decrease in sun exposure,
concomitant with the reduction of food sources of vitamin D, and a
decreased ability of the skin to synthesize vitamin D [19].

Randomized controlled trials and meta-analyses support the
role of vitamin D in improving age-related declines in muscle func-
tion [19]. However, the precise effect of the mechanism of the
influence of vitamin D on the development and differentiation of
muscle cells remains non-conclusive [19,21].

A functional vitamin D system was proposed in C2 C12 cells,
thus implying a possible direct role in muscle regulation [21]. In
this scenario, silencing VDRs in C2 C12 myoblasts suppressed p38
MAPK phosphorylation and decreased ERK1 activation induced
by 1,25(OH)D [22]. Another study demonstrated that the silencing
of VDR expression resulted in negative regulation of MyHC mRNA
in the differentiation of C2 C12 myoblasts when treated with
1,25(0H)D [23]. It seems plausible that the decrease in VDR expres-
sion observed in the elderly may reduce the functional response of
muscle fibers to 1,25(0OH)D [19].

The muscle fiber diameter of null VDR mice was ~20% lower
and the fiber size was more variable than those of the 3-wk-old
wild type mice (preweaning). By 8 wk of age, these morphologic
changes were more prominent in null mice VDR compared with
wild-type mice, suggesting a progressive nature of the abnormali-
ties caused by the absence of VDR [12].

With direct regulation of cell cycle gene expression (ATM, Myc,
Rb, and cyclin D1) and posttransduction hypophosphorylation of
Rb, at 1,25(0H)D promotes cyclic arrest and quiescence in C2 C12
cells, and protection against senescence replication of human mes-
enchymal stem cells as exhibited in flow cytometry analysis. This
may be particularly important in the muscle, where age-related
dysfunction of stem cells is directly related to the negative regula-
tion of its quiescent capacity for self-renewal [21].

Vitamin D and cachexia

Cachexia is a multiple organ syndrome associated with diseases
such as cancer, chronic infection, chronic obstructive pulmonary
disease, and chronic heart failure. Major feature of cachexia are
body weight loss (>5%), loss of muscle and adipose tissue, inflam-
mation, and often anorexia. Also, alterations in the metabolism of
carbohydrates, lipids, and proteins are reported to be associated
with this syndrome [18]. The consensus definition of cachexia
states that it is “a complex metabolic syndrome associated with
the underlying disease and characterized by loss of muscle mass
with or without loss of fat mass. The prominent clinical feature of
cachexia is weight loss in adults (corrected for fluid retention) or
failure of growth in children (excluding endocrine disorders).
Anorexia, inflammation, insulin resistance, and increased muscle
protein degradation are often associated with cachexia” [24].
Decreased circulating vitamin D levels, as observed in 47% of ambu-
latory cancer patients [25], have been associated with impairment
of glucose metabolism and insulin sensitivity [26].

Interestingly, reduction in mortality was reported in patients
with colorectal cancer who presented adequate levels of vitamin D,
suggesting the importance of maintaining vitamin D [27].

There are still few studies on the efficacy of adequate levels of
vitamin D in cachectic cancer patients. In a pioneer study performed
with 16 patients with advanced metastatic prostate cancer, the daily
administration of 2000 IU of vitamin D,, concomitant with a 500 mg
calcium supplement for 12 wk, resulted in improved muscle strength
and a reduced pain score [28]; body composition was not assessed.

In another study, data from 308 patients who underwent che-
motherapy for breast cancer between 2006 and 2012 were divided
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into two groups—those receiving or not receiving vitamin D sup-
plementation. The authors found greater disease-free survival in
those individuals who were supplemented with vitamin D [29].

A more recent study in rodents with hepatoma AH 130 showed a
decrease in circulating vitamin D compared with control rats, whereas
muscle VDR mRNA was upregulated. Both blood levels and muscle
VDR expression increased after the administration of vitamin Ds,
without exerting significant effects on body weight and muscle mass.
In this same study, the effects of vitamin D on C2 C12 myocytes were
studied. Vitamin D-treated myoblasts did not adequately differentiate,
only partially fusing and forming multinucleated, deformed, and low
myosin heavy-chain structures. This treatment with vitamin D
resulted in the overexpression of VDR and in the negative regulation
of myogenesis. However, the silencing of VDR expression in C2 C12
cultures negated the inhibition of the differentiation exerted by the
treatment with vitamin D. The results from this study suggest that
the superexpression of VDR in tumor-bearing animals contributed to
the muscular loss, damaging the regenerative process muscle [30]].

In another recent study, Ryan et al. [31] showed that treatment
with 1q,25-dihydroxyvitamin D3 [1a,25(0OH)D] prevented the
changes in myoblasts induced by Lung Lewis carcinoma (mito-
chondrial oxygen utilization and proteasome activity), thereby sug-
gesting that the treatment may be effective in counteracting
muscle weakness in cachexia.

Nevertheless, Penna et al. [32] argue that vitamin D supplemen-
tation, in addition to not eliciting any palpable beneficial effect,
may actually impair muscle regeneration in cachexia, probably by
inducing increased levels of VDR. However, the authors suggest
that although 1,25(0OH)D would not be adequate for treatment of
cancer cachexia, 25(0OH)D and also 24,25(0H)D may be adequate
because they found (unpublished results) these to display protec-
tive action against the reduction in size and molecular alterations
in C2 C12 myotube cultures, as induced by inflammatory cytokines.

Vitamin D and muscle recovery

The recovery of athletes during the season involves a systematic
approach, aimed to maintain the physical and mental readiness to
hold the next competition. Multiple variables, such as nutrition,
sleep, and travel, can influence recovery. In addition to these issues,
competitive training presents significant mechanical loads and
metabolic demands that cause fatigue and represent challenges to
the recovery process. Upon completion of training or competition,
the athlete enters a recovery phase in which the body restores fuel
levels (metabolic recovery) and repairs damage to the musculo-
skeletal system (mechanical recovery) [33].

One aspect of recovery after intense exercise is the repair of
damaged musculoskeletal tissue via activation of satellite cells.
Although other factors influence this repair process, current data
suggest a role for vitamin D in this issue [34].

Research on rodents reports that treatment with vitamin D did
not influence the morphologic characteristics of the injured mus-
cle, leukocyte infiltration, or VDR expression. However, the admin-
istration of vitamin D accelerated the functional restoration of the
injured muscle, improving cellular turnover, mainly improvement
in cellular proliferation and decrease of apoptosis after muscle
injury (crushing). Vitamin D treatment was correlated with a sig-
nificant increase in P4 HB protein, which is associated with colla-
gen production, which may influence muscle function. In
conclusion, this study demonstrated that vitamin D has a positive
influence on muscle repair regardless of satellite cell expansion or
infiltration of Caprine Arthritic Encephalitis—positive leukocytes
into injured muscle tissue [35].

To date, four studies have been published related to the specific
role of vitamin D in muscle recovery in humans. Muscle weakness
(measured as peak isometric force or peak torque) was chosen as a
measure of recovery because it reflects both degeneration and
regeneration, remains suppressed until the repair is complete, and
is a functional outcome for the athlete [36].

A study using eccentric elbow flexor exercise did not show an
association between baseline vitamin D status [measured as blood
level of 25(0H)D] and muscle pain or peak isometric strength up to
4 d after the insult [37]. In contrast, using a resistance exercise for
lower limbs, researchers found that the pre-exercise vitamin D sta-
tus of recreational individuals was significantly correlated with
immediate and long-term muscle weakness (48 and 72 h) after
intense exercise in leg-exercised versus leg control groups [36].

Although correlating vitamin D status to functional results
points out a possible relationship, intervention studies are needed
to determine whether improving status may result in improved
recovery [33]. In another study, researchers supplemented healthy,
moderately active, adult men with 4000 IU/d or placebo for 35 d.
After 28 d of supplementation, participants completed an eccentric
one-leg protocol to induce muscle damage. The recovery of peak
isometric strength, but not muscle pain, was significantly improved
in the supplemented group 24 h after exercise, but not at any other
time (48, 72, or 168 h) [38].

The results of these studies imply that adequate exposure to vita-
min D may optimize the acute adaptive response to muscle damage
caused by physical exercise but do not support the idea that vitamin
D may be important during a long period of training [34].

In the study with the longest period of observation and inter-
vention found, the authors supplemented 40 men, 20 elderly and
20 young, untrained with vitamin D3 1920 Ul (48 mg), concomi-
tantly with 800 mg/d of calcium from December to April or calcium
alone (placebo group) at a latitude of 56°N (very little sun expo-
sure). During the final 12 wk of the supplementation period, partic-
ipants underwent a resistance training program for the quadriceps
muscles. There were no observable differences between the groups
in strength gain or hypertrophy, but a large change in fiber type
(plus IIA-type fibers) and a reduction in myostatin messenger RNA
expression (mMRNA) were observed in the young men receiving
vitamin D. In addition, the elderly men who received vitamin D
and calcium supplementation showed an improvement in muscle
quality greater than the placebo group [39].

A study of 179 girls supplemented with vitamin D for 1 y
resulted in improvement in musculoskeletal parameters, such as
lean mass and bone mass gain, especially during the premenarch-
eal period, when compared with a control group [40].

By a carefully controlled intervention protocol, British research-
ers found positive results with vitamin D supplementation in
improving recovery rates. Moderately active adults with deficiency
in circulating levels of vitamin D at the start of the study were sup-
plemented with 4000 IU/d or placebo for 6 wk. Before and after sup-
plementation, participants performed eccentric exercise to induce
muscle damage of knee extensor muscles, followed by peak torque
during 7 d of recovery. Peak torque was improved in the group sup-
plemented with vitamin D at 48 h and 7 d post-exercise compared
with the placebo group. Although the authors believe that these
data are promising, more studies are needed with a larger sample
size and other exercise protocols to generate muscle damage [7].

Conclusions
Evidence is increasingly strong regarding the potent effects of

circulating levels of vitamin D on its VDR receptor in muscle tissue.
However, more studies need to focus on the challenge of
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deciphering the main targets of muscle remodeling from VDR
actions. It is also necessary to study these effects in the different
age groups as expression of VDR is modified with aging.

A broad question will be to determine appropriate levels of vita-
min D for different populations, taking into account the pleiotropic
effects of this vitamin.

Of all the factors that lead to sarcopenia, vitamin D deficiency in
the elderly has a supporting role, not least because it causes
decreased amounts of VDR, usually less sun exposure, and difficul-
ties in eating foods containing vitamin D; therefore supplementation
is an important point to be considered in the prevention and treat-
ment of sarcopenia.

The parameters found in the studies do not allow us to affirm
that vitamin D is effective in the treatment of muscular remodeling
in this cachexia. The factors attributed to the worsening of muscle
tissue in this pathology are complex and appear to interact in ways
not yet elucidated. Therefore, more studies to establish this interac-
tion are necessary.

In athletes and those who exercise, maintaining adequate levels
of vitamin D is recommended as an aid in muscle recovery, and
this was evidenced in the works cited. At the same time, the molec-
ular pathways recruited for this purpose remain inconclusive. More
studies are needed with more controlled and standardized trials
and with a larger number of participants in different sports genres
so that the understanding becomes clearer.

Assessing people's levels of vitamin D deficiency and insuffi-
ciency seems to be one way to minimize physiological and func-
tional changes in skeletal muscles.

References

[1] Lanteri P, Lombardi G, Colombini A, Banfi G. Vitamin D in exercise: physiologic
and analytical concerns. Clinica Chimica Acta 2013;415:45-53.

[2] Girgis CM, Clifton-Bligh RJ, Hamrick MW, Holick MF, Gunton JE. The roles of
vitamin D in skeletal muscle: Form, function, and metabolism. Endocr Rev
2013;34:33-83.

[3] Neal s, Sykes ], Righy M, Hess B. A review and clinical summary of vitamin D in
regard to bone health and athletic performance. Phys Sportsmed 2015;43:161-8.

[4] Wintermeyer E, Ihle C, Ehnert S, Stockle U, Ochs G, de Zwart P, et al. Crucial
role of vitamin D in the musculoskeletal system. Nutrients 2016;8:E319.

[5] Lancha AH, Pereira-Lancha LO. Nutrition applied to motor activity. 2nd ed. Sao
Paulo, Brazil: Atheneu; 2012.

[6] Losel R, Wehling M. Nongenomic actions of steroid hormones. Nat Rev Mol
Cell Biol 2003;4:46-56.

[7] Owens D], Sharples AP, Polydorou I, Alwan N, Donovan T, Tang J, et al. A sys-
tems-based investigation into vitamin D and skeletal muscle repair, regenera-
tion, and hypertrophy. Am ] Physiol Endocrinol Metab 2015;309:E1019-31.

[8] Haussler MR, Norman AW. Chromosomal receptor for a vitamin D metabolite.
Proc Natl Acad Sci 1969;62:155-62.

[9] Santillan G, Baldi C, Katz S, Vazquez G, Boland R. Evidence that TRPC3 is a
molecular component of the 1 «,25(0H) 2-D3-activated capacitative calcium
entry (CCE) in muscle and osteoblast cells. ] Steroid Biochem Mol Biol
2004;89-90:291-5.

[10] Santillan G, Katz S, Vazquez G, Boland RL. TRPC3-like protein and Vitamin D
receptor mediate 1 «,25(0H)2-D3-induced SOC influx in muscle cells. Int ] Bio-
chem Cell Biol 2004;36:1920-8.

[11] Bischoff-Ferrari HA, Borchers M, Gudat F, Dirmiiller U, Stahlen HB, Dick W.
Vitamin D receptor expression in human muscle tissue decreases with age. ]
Bone Miner Res 2004;19:265-9.

[12] Endo I, Inoue D, Mitsui T, Umaki Y, Akaike M, Yoshizawa T, et al. Deletion of
vitamin D receptor gene in mice results in abnormal skeletal muscle develop-
ment with deregulated expression of myoregulatory transcription factors.
Endocrinology 2003;144:5138-44.

[13] Capiati D, Benassati S, Boland RL. 1,25(0H)2-vitamin D3 induces translocation
of the vitamin D receptor (VDR) to the plasma membrane in skeletal muscle
cells. ] Cell Biochem 2002;86:128-35.

[14] Olsson K, Saini A, Stromberg A, Alam S, Lilja M, Rullman E, et al. Evidence for
vitamin D receptor expression and direct effects of 1 «,25(0H)2D3 in human
skeletal muscle precursor cells. Endocrinology 2016;157:98-111.

[15] Rejnmark L. Effects of vitamin D on muscle function and performance: a
review of evidence from randomized controlled trials. Ther Adv Chronic Dis
2011;2:25-37.

[16] He CS, Aw Yong XH, Walsh NP, Gleeson M. Is there an optimal vitamin D status
for immunity in athletes and military personnel? Exerc Immunol Rev
2016;22:41-62.

[17] Pludowski P, Holick MF, Grant WB, Konstantynowicz J, Mascarenhas MR, Haq
A, et al. Vitamin D supplementation guidelines. ] Steroid Biochem Mol Biol
2018;175:125-35.

[18] Argilés JM, Busquets S, Stemmler B, Lopez-Soriano FJ. Cachexia and sarcopenia:
mechanisms and potential targets for intervention. Curr Opin Pharmacol
2015;22:100-6.

[19] Wagatsuma A, Sakuma K. Vitamin D signaling in myogenesis: potential for
treatment of sarcopenia. Biomed Res Intern 2014;2014:121254.

[20] Lancha AH, Zanella Jr R, Tanabe SG, Andriamihaja M, Blacher F. Dietary protein
supplementation in the elderly for limiting muscle mass loss. Amino Acids
2017;49:33-47.

[21] Girgis CM, Clifton-Bligh R], Mokbel N, Cheng K, Gunton JE. Vitamin D signaling
regulates proliferation, differentiation, and myotube size in C2 C12 skeletal
muscle cells. Endocrinology 2014;155:347-57.

[22] Buitrago C, Pardo VG, Boland R. Role of VDR in 1 «,25-dihydroxyvitamin D3-
dependent non-genomic activation of MAPKs, Src and Akt in skeletal muscle
cells. ] Steroid Biochem Mol Biol 2013;136:125-30.

[23] Tanaka M, Kishimoto KN, Okuno H, Saito H, Itoi E. Vitamin D receptor gene
silencing effects on differentiation of myogenic cell lines. Muscle Nerve
2014;49:700-8.

[24] Evans WJ, Morley JE, Argilés ], Bales C, Baracos V, Guttridge D, et al. Cachexia: a
new definition. Clin Nutr 2008;27:793-9.

[25] Dev R, Del Fabbro E, Schwartz GG, Hui D, Palla SL, Guiterrez N, et al. Prelimi-
nary report: vitamin D deficiency in advanced cancer patients with symptoms
of fatigue or anorexia. Oncologist 2011;16:1637-41.

[26] Von Hurst PR, Stonehouse W, Coad ]. Vitamin D supplementation reduces
insulin resistance in South Asian women living in New Zealand who are insu-
lin resistant and vitamin D deficient—a randomised, placebo-controlled trial.
BrJ Nutr 2010;103:549-55.

[27] Mohr SB, Gorham ED, Kim ], Hofflich H, Cuomo RE, Garland CF. Could vitamin D
sufficiency improve the survival of colorectal cancer patients? ] Steroid Bio-
chem Mol Biol 2015;148:239-44.

[28] Van Veldhuizen PJ, Taylor SA, Willimason S, Drees BM. Treatment of vitamin D
deficiency in patients with metastatic prostate cancer may improve bone pain
and muscle strength. ] Urol 2000;163:187-90.

[29] Zeichner SB, Koru-Sengul T, Shah N, Liu Q, Markward NJ, Montero AJ, et al.
Improved clinical outcomes associated with vitamin D supplementation dur-
ing adjuvant chemotherapy in patients with HER2+ nonmetastatic breast can-
cer. Clin Breast Cancer 2015;15:e1-e11.

[30] Camperi A, Pin F, Costamagna D, Penna F, Menduina ML, Acersa Z, et al. Vita-
min D and VDR in cancer cachexia and muscle regeneration. Oncotarget
2017;8:21778-93.

[31] Ryan ZC, Craig TA, Wang X, Delmotte P, Salisbury JL, Lanza IR, et al. 1a,25-
dihydroxyvitamin D3 mitigates cancer cell mediated mitochondrial dysfunc-
tion in human skeletal muscle cells. Biochem Biophys Res Commun
2018;496:746-52.

[32] Penna F, Camperi A, Muscaritoli M, Filigheddu N, Costelli P. The role of vitamin
D in cancer cachexia. Curr OPin Support Palliat Care 2017;11:287-92.

[33] Heaton LE, Davis JK, Rawson ES, Nuccio RP, Witard OC, Stein KW, et al. Selected
in-season nutritional strategies to enhance recovery for team sport athletes: a
practical overview. Sports Med 2017;47:2201-18.

[34] Owens DJ, Allison R, Close GL. Vitamin D and the athlete: current perspectives
and new challenges. Sports Med 2018;48:3-16.

[35] Stratos I, Li Z, Herlyn P, Rotter R, Behrendt AK, Mittlmeier T, et al. Vitamin D
increases cellular turnover and functionally restores the skeletal muscle after
crush injury in rats. Am ] Pathol 2013;182:895-904.

[36] Barker T, Henriksen VT, Martins TB, Hill HR, Kjeldsberg CR, Schneider ED, et al.
Higher serum 25-hydroxyvitamin D concentrations associate with a faster
recovery of skeletal muscle strength after muscular injury. Nutrients 2013;5:
1253-75.

[37] Ring SM, Dannecker EA, Peterson CA. Vitamin D status is not associated with
outcomes of experimentally-induced muscle weakness and pain in young,
healthy volunteers. ] Nutr Metab 2010;2010:674240.

[38] Barker T, Schneider ED, Dixon BM, Henriksen VT, Weaver LK. Supplemental
vitamin D enhances the recovery in peak isometric force shortly after intense
exercise. Nutr Metab 2013;10:1-10.

[39] Agergaard ], Trostrup ], Uth ], Iversen JV, Boesen A, Andersen ]L, et al. Does vita-
min-D intake during resistance training improve the skeletal muscle hypertro-
phic and strength response in young and elderly men? — a randomized
controlled trial. Nutr Metab 2015;12:32.

[40] El-Hajj Fuleihan GE, Nabulsi M, Tamim H, Maalouf ], Salamoun M, Khalife H,
et al. Effect of vitamin D replacement on musculoskeletal parameters in school
children: a randomized controlled trial. J Clin Endocrinol Metab 2006;91:
405-12.


http://refhub.elsevier.com/S0899-9007(18)30697-X/sbref0001
http://refhub.elsevier.com/S0899-9007(18)30697-X/sbref0001
http://refhub.elsevier.com/S0899-9007(18)30697-X/sbref0002
http://refhub.elsevier.com/S0899-9007(18)30697-X/sbref0002
http://refhub.elsevier.com/S0899-9007(18)30697-X/sbref0002
http://refhub.elsevier.com/S0899-9007(18)30697-X/sbref0003
http://refhub.elsevier.com/S0899-9007(18)30697-X/sbref0003
http://refhub.elsevier.com/S0899-9007(18)30697-X/sbref0004
http://refhub.elsevier.com/S0899-9007(18)30697-X/sbref0004
http://refhub.elsevier.com/S0899-9007(18)30697-X/sbref0004
http://refhub.elsevier.com/S0899-9007(18)30697-X/sbref0005
http://refhub.elsevier.com/S0899-9007(18)30697-X/sbref0005
http://refhub.elsevier.com/S0899-9007(18)30697-X/sbref0005
http://refhub.elsevier.com/S0899-9007(18)30697-X/sbref0006
http://refhub.elsevier.com/S0899-9007(18)30697-X/sbref0006
http://refhub.elsevier.com/S0899-9007(18)30697-X/sbref0006
http://refhub.elsevier.com/S0899-9007(18)30697-X/sbref0007
http://refhub.elsevier.com/S0899-9007(18)30697-X/sbref0007
http://refhub.elsevier.com/S0899-9007(18)30697-X/sbref0007
http://refhub.elsevier.com/S0899-9007(18)30697-X/sbref0008
http://refhub.elsevier.com/S0899-9007(18)30697-X/sbref0008
http://refhub.elsevier.com/S0899-9007(18)30697-X/sbref0009
http://refhub.elsevier.com/S0899-9007(18)30697-X/sbref0009
http://refhub.elsevier.com/S0899-9007(18)30697-X/sbref0009
http://refhub.elsevier.com/S0899-9007(18)30697-X/sbref0009
http://refhub.elsevier.com/S0899-9007(18)30697-X/sbref0009
http://refhub.elsevier.com/S0899-9007(18)30697-X/sbref0009
http://refhub.elsevier.com/S0899-9007(18)30697-X/sbref0009
http://refhub.elsevier.com/S0899-9007(18)30697-X/sbref0010
http://refhub.elsevier.com/S0899-9007(18)30697-X/sbref0010
http://refhub.elsevier.com/S0899-9007(18)30697-X/sbref0010
http://refhub.elsevier.com/S0899-9007(18)30697-X/sbref0010
http://refhub.elsevier.com/S0899-9007(18)30697-X/sbref0010
http://refhub.elsevier.com/S0899-9007(18)30697-X/sbref0011
http://refhub.elsevier.com/S0899-9007(18)30697-X/sbref0011
http://refhub.elsevier.com/S0899-9007(18)30697-X/sbref0011
http://refhub.elsevier.com/S0899-9007(18)30697-X/sbref0011
http://refhub.elsevier.com/S0899-9007(18)30697-X/sbref0011
http://refhub.elsevier.com/S0899-9007(18)30697-X/sbref0011
http://refhub.elsevier.com/S0899-9007(18)30697-X/sbref0012
http://refhub.elsevier.com/S0899-9007(18)30697-X/sbref0012
http://refhub.elsevier.com/S0899-9007(18)30697-X/sbref0012
http://refhub.elsevier.com/S0899-9007(18)30697-X/sbref0012
http://refhub.elsevier.com/S0899-9007(18)30697-X/sbref0013
http://refhub.elsevier.com/S0899-9007(18)30697-X/sbref0013
http://refhub.elsevier.com/S0899-9007(18)30697-X/sbref0013
http://refhub.elsevier.com/S0899-9007(18)30697-X/sbref0014
http://refhub.elsevier.com/S0899-9007(18)30697-X/sbref0014
http://refhub.elsevier.com/S0899-9007(18)30697-X/sbref0014
http://refhub.elsevier.com/S0899-9007(18)30697-X/sbref0014
http://refhub.elsevier.com/S0899-9007(18)30697-X/sbref0014
http://refhub.elsevier.com/S0899-9007(18)30697-X/sbref0015
http://refhub.elsevier.com/S0899-9007(18)30697-X/sbref0015
http://refhub.elsevier.com/S0899-9007(18)30697-X/sbref0015
http://refhub.elsevier.com/S0899-9007(18)30697-X/sbref0016
http://refhub.elsevier.com/S0899-9007(18)30697-X/sbref0016
http://refhub.elsevier.com/S0899-9007(18)30697-X/sbref0016
http://refhub.elsevier.com/S0899-9007(18)30697-X/sbref0017
http://refhub.elsevier.com/S0899-9007(18)30697-X/sbref0017
http://refhub.elsevier.com/S0899-9007(18)30697-X/sbref0017
http://refhub.elsevier.com/S0899-9007(18)30697-X/sbref0017
http://refhub.elsevier.com/S0899-9007(18)30697-X/sbref0017
http://refhub.elsevier.com/S0899-9007(18)30697-X/sbref0018
http://refhub.elsevier.com/S0899-9007(18)30697-X/sbref0018
http://refhub.elsevier.com/S0899-9007(18)30697-X/sbref0019
http://refhub.elsevier.com/S0899-9007(18)30697-X/sbref0019
http://refhub.elsevier.com/S0899-9007(18)30697-X/sbref0019
http://refhub.elsevier.com/S0899-9007(18)30697-X/sbref0020
http://refhub.elsevier.com/S0899-9007(18)30697-X/sbref0020
http://refhub.elsevier.com/S0899-9007(18)30697-X/sbref0020
http://refhub.elsevier.com/S0899-9007(18)30697-X/sbref0021
http://refhub.elsevier.com/S0899-9007(18)30697-X/sbref0021
http://refhub.elsevier.com/S0899-9007(18)30697-X/sbref0021
http://refhub.elsevier.com/S0899-9007(18)30697-X/sbref0021
http://refhub.elsevier.com/S0899-9007(18)30697-X/sbref0022
http://refhub.elsevier.com/S0899-9007(18)30697-X/sbref0022
http://refhub.elsevier.com/S0899-9007(18)30697-X/sbref0022
http://refhub.elsevier.com/S0899-9007(18)30697-X/sbref0023
http://refhub.elsevier.com/S0899-9007(18)30697-X/sbref0023
http://refhub.elsevier.com/S0899-9007(18)30697-X/sbref0023
http://refhub.elsevier.com/S0899-9007(18)30697-X/sbref0024
http://refhub.elsevier.com/S0899-9007(18)30697-X/sbref0024
http://refhub.elsevier.com/S0899-9007(18)30697-X/sbref0024
http://refhub.elsevier.com/S0899-9007(18)30697-X/sbref0025
http://refhub.elsevier.com/S0899-9007(18)30697-X/sbref0025
http://refhub.elsevier.com/S0899-9007(18)30697-X/sbref0025
http://refhub.elsevier.com/S0899-9007(18)30697-X/sbref0025
http://refhub.elsevier.com/S0899-9007(18)30697-X/sbref0026
http://refhub.elsevier.com/S0899-9007(18)30697-X/sbref0026
http://refhub.elsevier.com/S0899-9007(18)30697-X/sbref0026
http://refhub.elsevier.com/S0899-9007(18)30697-X/sbref0027
http://refhub.elsevier.com/S0899-9007(18)30697-X/sbref0027
http://refhub.elsevier.com/S0899-9007(18)30697-X/sbref0027
http://refhub.elsevier.com/S0899-9007(18)30697-X/sbref0028
http://refhub.elsevier.com/S0899-9007(18)30697-X/sbref0028
http://refhub.elsevier.com/S0899-9007(18)30697-X/sbref0028
http://refhub.elsevier.com/S0899-9007(18)30697-X/sbref0028
http://refhub.elsevier.com/S0899-9007(18)30697-X/sbref0029
http://refhub.elsevier.com/S0899-9007(18)30697-X/sbref0029
http://refhub.elsevier.com/S0899-9007(18)30697-X/sbref0029
http://refhub.elsevier.com/S0899-9007(18)30697-X/sbref0030
http://refhub.elsevier.com/S0899-9007(18)30697-X/sbref0030
http://refhub.elsevier.com/S0899-9007(18)30697-X/sbref0030
http://refhub.elsevier.com/S0899-9007(18)30697-X/sbref0030
http://refhub.elsevier.com/S0899-9007(18)30697-X/sbref0030
http://refhub.elsevier.com/S0899-9007(18)30697-X/sbref0030
http://refhub.elsevier.com/S0899-9007(18)30697-X/sbref0031
http://refhub.elsevier.com/S0899-9007(18)30697-X/sbref0031
http://refhub.elsevier.com/S0899-9007(18)30697-X/sbref0032
http://refhub.elsevier.com/S0899-9007(18)30697-X/sbref0032
http://refhub.elsevier.com/S0899-9007(18)30697-X/sbref0032
http://refhub.elsevier.com/S0899-9007(18)30697-X/sbref0033
http://refhub.elsevier.com/S0899-9007(18)30697-X/sbref0033
http://refhub.elsevier.com/S0899-9007(18)30697-X/sbref0034
http://refhub.elsevier.com/S0899-9007(18)30697-X/sbref0034
http://refhub.elsevier.com/S0899-9007(18)30697-X/sbref0034
http://refhub.elsevier.com/S0899-9007(18)30697-X/sbref0035
http://refhub.elsevier.com/S0899-9007(18)30697-X/sbref0035
http://refhub.elsevier.com/S0899-9007(18)30697-X/sbref0035
http://refhub.elsevier.com/S0899-9007(18)30697-X/sbref0035
http://refhub.elsevier.com/S0899-9007(18)30697-X/sbref0036
http://refhub.elsevier.com/S0899-9007(18)30697-X/sbref0036
http://refhub.elsevier.com/S0899-9007(18)30697-X/sbref0036
http://refhub.elsevier.com/S0899-9007(18)30697-X/sbref0037
http://refhub.elsevier.com/S0899-9007(18)30697-X/sbref0037
http://refhub.elsevier.com/S0899-9007(18)30697-X/sbref0037
http://refhub.elsevier.com/S0899-9007(18)30697-X/sbref0038
http://refhub.elsevier.com/S0899-9007(18)30697-X/sbref0038
http://refhub.elsevier.com/S0899-9007(18)30697-X/sbref0038
http://refhub.elsevier.com/S0899-9007(18)30697-X/sbref0038
http://refhub.elsevier.com/S0899-9007(18)30697-X/sbref0038
http://refhub.elsevier.com/S0899-9007(18)30697-X/sbref0039
http://refhub.elsevier.com/S0899-9007(18)30697-X/sbref0039
http://refhub.elsevier.com/S0899-9007(18)30697-X/sbref0039
http://refhub.elsevier.com/S0899-9007(18)30697-X/sbref0039

	Vitamin D, muscle recovery, sarcopenia, cachexia, and muscle atrophy
	Introduction
	Vitamin D in musculoskeletal tissue
	Vitamin D in the circulation
	Vitamin D, sarcopenia, and muscle atrophy
	Vitamin D and cachexia
	Vitamin D and muscle recovery
	Conclusions
	References


