Review

HORMONES 2016, 15(4):471-488

Muscular effects of vitamin D in young athletes
and non-athletes and in the elderly
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ABSTRACT

Muscles are major targets of vitamin D. Exposure of skeletal muscles to vitamin D induces the
expression of multiple myogenic transcription factors enhancing muscle cell proliferation and
differentiation. At the same time vitamin D suppresses the expression of myostatin, a negative
regulator of muscle mass. Moreover, vitamin D increases the number of type II or fast twitch
muscle cells and in particular that of type IIA cells, while its deficiency causes type 1IA cell
atrophy. Furthermore, vitamin D supplementation in young males with low vitamin D levels
increases the percentage of type IIA fibers in muscles, causing an increase in muscular high
power output. Vitamin D levels are strongly associated with exercise performance in athletes
and physically active individuals. In the elderly and in adults below the age of 65, several studies
have established a close association between vitamin D levels and neuromuscular coordination.
The aim of this review is to appraise our current understanding of the significance of vitamin
D on muscular performance in both older and frail individuals as well as in younger adults,
athletes or non-athletes with regard to both ordinary everyday musculoskeletal tasks and peak
athletic performance.

Key words: Athletic performance, Bone fractures, Muscle physiology, Physical activity, Rate of

falls, Sarcopenia, Vitamin D

BASICS ASPECTS OF SKELETAL MUSCLE
PHYSIOLOGY

Muscle cells are elongated and cylindrical in shape
and are surrounded by a basal lamina of insulating
collagen. In the space between muscle cells and their
basal lamina there are several types of satellite cells
that play a regulatory role in the growth, maintenance
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and repair of muscle cells. Each muscle cell contains
myofibrils, bundles of several types of proteins or-
ganized into repeating microanatomical structures
known as sarcomeres, which are the structural units
making up the contractile machinery of muscle cells.
A sarcomere is comprised of two types of protein
filaments: tick filaments mainly composed of the
protein myosin and thin filaments composed of the
protein actin. Groups of tens to hundreds of muscle
cells are packed together into parallel bundles known
as fascicles which are wrapped in connective tissue,
the perimysium, while bundles of fascicles composing
a particular muscle are wrapped by the epimysium.
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The muscle motor unit: A motor unit is composed
of a motor neuron and the muscle cells it activates,
usually between ten to a couple of thousand. All
cells of a motor unit contract at the same time. The
primary neurotransmitter in the muscle motor units
is acetylcholine which is synthesized by the motor
neurons, packed within the synaptic vesicles located
in the bulb at the end of the axon and secreted in the
synaptic gap in a large and complex terminal forma-
tion called the motor end plate (or neuromuscular
junction) located in proximity to the axon terminal
bulb. The motor end plate contains the acetylcholine
receptors, with acetylcholinesterase limiting the dura-
tion of the action of acetylcholine. Following muscle
cell contraction, a refractory period ensues while the
muscle cell pumps out sodium, thereby repolarizing
the cell. When an impulse reaches the muscle cell,
it induces a reaction within each sarcomere between
the actin and myosin filaments, causing the sliding
of these filaments and thus contraction. More spe-
cifically, the depolarization of a muscle cell induces
a forward movement of myosin filament pulling the
actin filaments towards the centre of the sarcomere, a
process taking place simultaneously in the sarcomeres
of a muscle cell, thus shortening all of them.

The troponins

These proteins play multiple roles within the mus-
cle cells. Troponin I is the protein that plays the most
crucial role, since it inhibits the attachment of myosin
to actin. When a muscle cell is stimulated, calcium
channels open in the sarcoplasmic reticulum and free
calcium ions attached to the troponins, this ending
their blocking effect on contraction and allowing actin
and myosin to bind to each other. Relaxation occurs
when stimulation of nerve cells ends and, as a result,
calcium ions are pumped back into the sarcoplasmic
reticulum: this permits troponin I to block the link
between actin and myosin so that they return to their
unbound state, thereby causing the muscle cell to relax.

The two major types of muscle cells

There are two main types of muscle cells: type
I or slow twitch and type II or fast twitch. Type I
muscle cells, referred to as “slow twitch oxidative
cells”, are characterized by low power production but
high endurance capacity. The metabolism of type [ is
mainly aerobic, obtaining its energy from oxidative
phosphorolation via the Krebs cycle: this requires

ATP and O2 and thus generates more vascularity
and a large quantity of mitochondria and myoglobin.
These muscle cells are, in fact, essential for endurance
exercise, as for instance in distance running, since
they are characterized by low strength and slow speed
of contraction. Type I muscle cells, which are red
because of their thick network of capillaries, give the
muscles their characteristic red color. Type I muscle
cells carry more oxygen and sustain aerobic activity
for long periods of time, using fats or carbohydrates
as fuel, but produce little force.

Type 11, the fast twitch muscle, has three major
subtypes (IIA, IIX and [IB) that vary in both contractile
speed and force generated. Type I1A muscle cells are
identified as “fast twitch oxidative” and exhibit quali-
ties between those of type I and type 11B, while type
1IB are exclusively “fast twitch glycolytic” character-
ized by high power - low endurance fibers. Type 11
muscle cells obtain their energy anaerobically via the
glycolytic pathway typically involved in high strength
and speed contractions, as in sprinting, generating
large force per cross-sectional area but being prone
to rapid fatigue. Type Il contribute most to muscular
strength and have greater potential for increase in
mass. Type IIB is purely anaerobic, glycolytic and
white because of the fewer capillaries, not many
mitochondria and a lower amount of myoglobin. In
small animals it is the main fast muscle type, which
accounts for the pale color of their flesh.

BASIC ASPECTS OF VITAMIN D BIOLOGY

In humans, approximately 90% of the daily re-
quirements for vitamin D come from an endogenous
synthesis in the skin following exposure to ultraviolet
sunrays, our skin converting 7-dehydroxy-cholesterol
into vitamin D3 or cholecalciferol. The endogenous
production of vitamin D depends on the seasonal
variation of sun luminosity (insolation), duration of
exposure, area of skin exposed, use of sunscreens,
skin pigmentation and the age-dependent ability of the
skin to synthesize vitamin D as well as the availability
of the precursor 7-dehydrocholesterol in the skin.

Dietary intake, on the other hand, covers only
about 10% of the daily requirements in vitamin D,
this vitamin being rare in most types of food, with
the exception of fatty fish, eggs, cod liver oil and, of
course, the degree of fortification of dairy products
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with vitamin D by the manufacturer. Dietary vitamin
D may come in the form of vitamin D3 or as D2 or
ergocalciferol from vegetables. It should be noted that
vitamin D-fortified dairy products may not contain
the levels of vitamin D indicated on the label. One
mceg (40 [U) of exogenous vitamin D per day elevates
the circulating levels of 25(OH)D by only 0.4-1.6 ng/
mL or 1-4 nmol/L. Vitamin D3 is converted in the
liver into 25(OH)D (calcidiol) and subsequently into
its biologically active form, 1,25(OH)2-Vit D (calci-
triol) in the kidneys and is absorbed to a much lesser
degree in the lymph nodes. Levels below 10 ng/ml or
25 nmol/L indicate vitamin D insufficiency (mainly
evaluated by the levels of circulating parathyroid
hormone, PTH, which acts as a biomarker). Vitamin
D deficiency is considered to be between 10 and 30
ng/ml or 25-75 nmol/L and optimal levels above 30
ng/ml or 90 nmol/L, and more than 40 ng/ml or 100
nmol/L for those above the age of 70.

The activated form of vitamin D, i.e. 1,25-dihy-
droxyvitamin D, exerts its biological effects by bind-
ing to the nuclear vitamin D receptor (VDR), which
induces the heterodimerisation of activated VDR
with the retinoic-receptor, thus forming the VDR/
retinoic-receptor/cofactor complex. This complex
binds to vitamin D response elements affecting gene
expression.

The biological effects of vitamin D can be grouped
into two major categories: 1) those associated with
calcium homeostasis (calcium absorption from the
gastrointestinal track, induction of osteoclast matu-
ration resulting in acceleration of bone remodelling
turnover, calcium deposition in newly-formed bone,
reduction of PTH synthesis, etc.), and 2) those effects
not associated with bone homeostasis, including its
anti-inflammatory effects, inter alia, suppression
of inteleukin 6, suppression of cell proliferation of
neoplastic cells,' induction of insulin synthesis and
secretion from the beta cells, suppression of rennin
synthesis and its effects on the neuromuscular cells,
the subject of this review.

EFFECTS OF VITAMIN D ON SKELETAL
MUSCLES

The association between vitamin D and muscular
physiology was first examined in the sixties when

proximal myopathy was found to be associated with
vitamin D deficiency.' It is now well-established
that vitamin D is an integral part of skeletal muscle
physiology.? Muscles are major targets of vitamin D,
expressing large numbers of vitamin D receptors.? In
muscles, vitamin D affects cell proliferation and dif-
ferentiation and the transport of calcium and phosphate
across muscle cell membranes, while it modulates
phospholipid metabolism.* Vitamin D additionally
suppresses the expression of myostatin, a negative
regulator of muscle mass, while it up-regulates the
expression of follistatin and insulin-like growth fac-
tor 2.57 Exposure of skeletal muscles to vitamin D
induces the expression of a number of myogenic tran-
scription factors,? including the marker of myogenic
differentiation, fetal myosin, as well as of the neural
cell adhesion molecule, Bcl-2, insulin-like growth
factor-1, fibroblast growth factor and the retinoblastoma
protein.’ What is more, vitamin D affects myogenic
differentiation protein 1 (MYOD1), a helix-loop-helix
family of transcription factor of the myogenic factors
subfamily. MYOD1 regulates muscle cell differentia-
tion by inducing cell cycle arrest, a prerequisite for
myogenic initiation. MYODI is moreover crucial for
the initiation of muscle regeneration by causing an
increase of the cross-sectional area of skeletal muscle
fibers.!” Vitamin D signaling has additionally been
reported to alter the expression of myotubular sizes,
indicating a direct positive effect on the contractile
filaments and thus muscle strength, while it prevents
muscular degeneration and reverses myalgia.''? Last
but not least, vitamin D accelerates muscle recovery
from the stress of intense exercise. '

EFFECTS OF VITAMIN D ON MUSCLE CELL
TYPES

Vitamin D affects the diameter and number of
type 11, or fast twitch, muscle cells, and in particular
that of type I1A cells. In severe vitamin D deficiency,
proximal myopathy is observed characterized by
type IIA cell atrophy. Vitamin D supplementation
in young males increases the percentage of type ITA
fibers in muscles, causing an increase in muscular
high power output. Vitamin D-mediated induction
of muscle protein synthesis and myogenesis results
in muscles of higher quality and quantity, which
is translated into increased muscle strength since



474

N.E. KOUNDOURAKIS ET AL

there is a linear association between muscle mass
and strength. Hypertrophy of type [IB muscle fibers
results in enhanced neuromuscular performance.
These types of fibers are major determinants of the
explosive type of human strength that results in high
power output. It is of note that type II muscle fibers
induce fast muscle contraction velocity and higher
force compared to type I muscle fibers.'* Therefore,
anaerobic maximal intensity short-burst activities, such
as jumping, sprinting, acceleration, deceleration and
change of direction, which are of crucial importance
for the majority of athletic events, are highly related
to type Il muscle cells. Interestingly, the maintenance
of type Il muscle cells is important for the elderly as
well as for athletes. Reversal of type II fiber atrophy
as a result of vitamin D supplementation is thought
to account for an approximately 20% lower risk of
falling. Although vitamin D deficiency induces the
atrophy of type Il fibers in these individuals, it also
enables fat infiltration and consequently fibrosis
which are important factors in muscular physiology
and are crucial predictors of muscle function in older
subjects.®

EFFECTS OF VITAMIN D ON
THE MYOCARDIUM AND VASCULAR
SMOOTH MUSCLES

Vitamin D receptors are expressed in the human
myocardium as well as in vascular smooth muscles
and the endothelium. Vitamin D affects the structural
remodeling of cardiac muscle and vascular tissues'® and
results in improvements in flow-mediated dilation and
blood pressure.!” Improved cardiac muscle function
has been reported in patients with severe vitamin D
deficiency following supplementation with the vitamin.
In animal studies, vitamin D directly alters myocyte
contractility affecting their relaxation time, a crucial
component of cardiac diastolic function. Vitamin D
has in addition been found to regulate the function
of calcium channels in cardiac myocytes, providing
a rapid influx of calcium into cells promoting myo-
cyte contractility.'® Furthermore, vitamin D inhibits
the proliferation of cardiomyoblasts by promoting
cell-cycle arrest and enhances the formation of car-
diomyotubes without inducing apoptosis. Moreover,
vitamin D attenuates left ventricular dysfunction in
several animal models and in humans.” Vitamin D

also affects arterial stiffness and endothelial function,
which are crucial components of aerobic and anaero-
bic exercise performance and the ability to perform
most daily activities. Data from both animal and hu-
man studies show that vitamin D is a suppressor of
the rennin-angiotensin-aldosterone system (RAAS).
More specifically, vitamin D suppresses RAA activ-
ity by lowering the gene expression of rennin.? It is
interesting that elevated parathyroid hormone (PTH)
levels in secondary hyperparathyroidism induce left
ventricular hypertrophy, which is ameliorated by
vitamin D supplementation.?! Low levels of vitamin
D correlate with increased arterial stiffness and en-
dothelial dysfunction in humans.??? Vitamin D has in
addition been reported to exert anti-atherogenic effects
via promoting HDL transport and inhibiting choles-
terol uptake by the macrophages and the formation of
foam cells.?* Vitamin D deficiency is associated with
vascular inflammation and atherogenesis.? Vitamin D
supplementation suppresses inflammation via inhibi-
tion of prostaglandin and cyclooxygenase pathways,
up-regulation of anti-inflammatory cytokines, de-
crease of cytokine-mediated expression of adhesion
molecules, reduction of matrix metalloproteinase and
down-regulation of the RAA. Finally, the third National
Health and Nutrition Examination Survey (NHANES
IIT) demonstrated a strong association between low
vitamin D levels and key cardiovascular risk factors
following adjustment for multiple variables.?

EFFECTS OF VITAMIN D ON THE NERVOUS
SYSTEM

Vitamin D exerts multiple effects on the nervous
system, while its deficiency has been associated with
several neurological diseases, including multiple scle-
rosis, amyotrophic lateral sclerosis and Parkinson’s
disease. Several clinical trials suggest that vitamin D
supplementation may exert a protective effect on these
neurological conditions, albeit these studies appear to
be inconclusive. However, it is now well-documented
that vitamin D affects all aspects of cognition.

Impairment of cognitive faculties with advancing
age is strongly and independently associated with
decreased physical mobility, increased risk for falls
and serious fall-related injuries.?”*® This is because
low vitamin D serum levels correlate with cognitive
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defects, executive function impairments and dysfunc-
tion of the frontal-subcortical neuronal circuits.?*-°

It is noteworthy that vitamin D receptors are present
throughout the brain, including the primary motor
cortex.*!32 They have been identified in both neuronal
and glial cells within the cortex, in deep grey mat-
ter, in the cerebellum, in brainstem nuclei and in the
spinal cord and the ventricular system. Furthermore,
the enzyme 1,a-hydroxylase, the activator of vitamin
D precursors, is also present in the brain.**** Vitamin
D levels are associated with the conductance velocity
of motor neurons and neurotransmission mediated
by dopamine, serotonin, acetylcholine, GABA and
the catecholamines. Vitamin D additionally affects
neuronal differentiation, maturation and growth, its
levels correlating to the levels of several neurotrophic
factors, including nerve growth factors (NGF) and
that of neurotrophyns, which play crucial roles in
the maintenance and growth of neurons.** In addi-
tion, vitamin D exerts direct neuroprotective effects
via the synthesis of proteins binding calcium ions.
Proper levels of neuronal calcium are critical since
their excess may result in the formation of reactive
oxygen species (ROS) which lead to neuronal damage.
Vitamin D levels are in fact inversely associated with
oxidative stress which damages the brain, leading to
neuronal apoptosis or necrosis.”” What is more, vitamin
D affects neuroplasiticity, a process via which neural
synapses and pathways are adapted to the needs of
environmental and behavioral demands, adjusting the
brain to noxious stimuli diseases or environmental
cues.’®* Moreover, vitamin D affects GABAergic
neurons in the motor cortex,”” GABAergic function
being the principal “brake” within the brain affecting
muscle relaxation via the corticospinal neurons.*' Of
particular note, GABAergic, serotonin and dopamine
neurons are crucial in muscular coordination and the
avoidance of central fatigue,* a high ratio of serotonin
to dopamine positively impacting exercise performance
because of serotonin’s effect on the general feeling
of tiredness and the perceptions of effort.*

EFFECTS OF VITAMIN D ON NOCIRECEPTORS

Low vitamin D levels may indirectly exert detrimen-
tal effects on kinetic performance via its involvement
in the function of nocireceptors, i.e. the sensory nerve

cells that identify noxious stimuli and subsequently
send appropriate signals to the brain. When these
receptors transmit pain signals, an inhibitory physical
response is activated, malfunction of which results in
kinetic instability and maladaptation. Vitamin D affects
nocireceptors which have an abundance of vitamin D
receptors and 1a-hydroxylase.***> Animal studies have
shown that vitamin D depletion causes nociceptive
hyperinnervation and hypersensitivity within deep
muscle tissue and, as a result, loss of balance, without
affecting muscle strength or the cutaneous nociceptive
response. Defects of nociceptive innervation and/or
hypersensitivity within deep muscles results in dif-
ficulties in assessing myalgia during physical activity.
In vitamin D deficient individuals this is enhanced,
leading to difficulties in muscular coordination and
performance. Finally, reaction times, which play a
crucial role in the rate of falls, deteriorate with age.
Vitamin D improves reaction times and thus physical
and exercise performance.*¢4’

POSITIVE STUDIES, I.E. STUDIES SHOWING

A STRONG ASSOCIATION BETWEEN VITAMIN
D LEVELS AND MUSCLE STRENGTH IN ADULT
NON-ATHLETES AND THE ELDERLY

Vitamin D levels correlate with several indices of
neuromuscular performance in day-to-day life. In the
past, myopathy and muscle weakness in rickets and
osteomalacia was associated with severe vitamin D
deficiency.* Since then, several cross-sectional ob-
servations and longitudinal studies have established
a close association between vitamin D and several
parameters of neuromuscular performance. The ma-
jority of these studies have been performed in the
elderly, although similar data have also been reported
in adults below the age of 65* and in the young.>%!
In the CHIANTI study, physical performance was as-
sessed in more than 900 individuals aged 65 or older
and physical performance was assessed at baseline.? A
significant association was found between low levels
of vitamin D and overall poor physical performance
as assessed by the handgrip strength test and a short
physical performance battery of tests, including the
ability to stand up from a chair and the ability to
maintain balance in progressively more challenging
positions. Elderly individuals with serum vitamin D
levels less than 10 ng/ml performed worse compared
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to age-matched individuals with levels above 10. Mus-
cle strength assessed by handgrip was significantly
greater in subjects with vitamin D levels higher than
20 ng/ml compared to those with lower levels. The
use of handgrip strength is a reliable test to stratify
adults at risk of impaired mobility and falls. Elderly
individuals with higher levels of vitamin D exhibit
better lower extremity muscle performance compared
to age-matched individuals with lower levels of vi-
tamin D.> Similar data were obtained in the Rancho
Bernardo Study cohort.** Likewise, a longitudinal
survey of community-dwelling Japanese older women
showed that those with higher levels of vitamin D
responded better in a three-month exercise program
compared to those with lower levels.*

The association between vitamin D levels and the
rate of physical performance declines with advanc-
ing age, a factor that has also been assessed.’® An
acceleration of the rate of physical performance with
advancing age was associated with vitamin D levels
lower than 20 ng/ml compared to age-matched peers
with levels higher than 30 ng/ml. In another study
in elderly females over the age of 65, the associa-
tion between vitamin D levels and muscle function,
strength and physical performance was evaluated
using a walking-speed test, a standing balance and a
sit-to-stand test.”’ Vitamin D levels above 20 ng/ml
were associated with better muscle strength, whereas
levels below 8 ng/ml were associated with the poorest
strength performance. In yet another study, the authors
documented a strong association between vitamin D
levels and muscle power, force, velocity and jump
height in young adolescent girls.*® Similarly, a posi-
tive correlation between vitamin D serum levels and
handgrip strength was documented in a population of
300 vitamin D sufficient Chinese adolescent girls.>!

NEGATIVE STUDIES, L.LE. STUDIES SHOWING
NO ASSOCIATION BETWEEN VITAMIN D
LEVELS AND MUSCLE STRENGTH

IN NON-ATHLETES AND THE ELDERLY

Stockton et al were unable to document an associa-
tion between vitamin D levels and lower extremity
muscle strength in individuals with vitamin D levels
above 10 ng/ml.*® Similarly, no association was found
between muscular performance and vitamin D levels

in older Hawaiian women of Japanese ancestry, a
population known for their very low rate of falls,
high dietary intake of vitamin D and daily exposure
to ample sunlight.* Indeed, in this population, among
whom the mean vitamin D level was 32 ng/ml, with
no individual being in a vitamin D deficiency state,
the authors were unable to document any association
between vitamin D levels and muscle strength, rate
of falls and the quantity of daily activities. It was
concluded that the absence of a relationship was due
to the high levels of vitamin D that these women dis-
played at baseline. Indeed, it now appears that vitamin
D levels may correlate with physical performance
only in the lower levels range. Corroborating this
hypothesis are the findings of a recent study in which
in a population-based sample of adult men with levels
of vitamin D in serum above 20 ng/ml there was no
association between vitamin D and muscle strength
or physical performance, after adjusting for several
lifestyle factors.®® However, in a challenging study by
Mathei et al,®! the Belfrail study, conducted in elderly
individuals of more than 80 years of age and with an
80% prevalence of vitamin D insufficiency, no cor-
relation was evident between vitamin D levels and
physical performance, as assessed by gait speed, the
hand grip test and a static balance test. In agreement
with this negative study, several studies conducted in
younger persons also failed to document an association
between vitamin D levels and muscular strength. Thus,
in young women no association was found between
vitamin D levels and handgrip strength.®? Similar data
were reported by the OFELY study.®

ERGOMETRIC EFFECT OF VITAMIN D
SUPPLEMENTATION

A large number of studies have found that vita-
min D supplementation improves several indices of
ergometrics i.e. muscular performance, including
balance, neuromuscular coordination, gait speed,
hand grip, body sway, overall muscle strength and
muscular response to training in both the elderly and
younger adults.’** More specifically, an association
has been documented between vitamin D and physical
performance of 100 healthy elderly Chilean subjects
aged 70 years or more.*®® Vitamin D supplementa-
tion improved gait speed and body sway as well
as improving muscle strength response to training.
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Similar findings were observed in elderly women,
mean age 85 years, where vitamin D supplementa-
tion improved muscular performance and decreased
the rate of falls.®’

In a randomized double-blind controlled trial by
Moreira-Pfrimer et al,°! it was reported that treatment
of vitamin D deficiency increased lower limb muscle
strength in institutionalized older individuals indepen-
dently of their physical activity.®® Indeed, vitamin D
supplementation resulted in improved isometric muscle
strength and strength of hip flexors, knee extensors
and upper muscles. Vitamin D supplementation In
242 community-dwelling seniors in Bad Pyrmont,
Germany (latitude 52°N), and Graz, Austria (latitude
46°N), resulted in a significant improvement in the rate
of falls, quadriceps strength and body sway needed to
perform the timed up and go (TUG) test, which as-
sesses a person’s mobility and requires both static and
dynamic balance. It uses the time that a person takes
to rise from a chair, walk three metres, turn around,
walk back to the chair and sit down.® However, it
should be noted that a recent meta-analysis of this
work detected major inconsistencies in the text and
tables,” which were addressed by the first author.”
The effect of vitamin D supplementation on hand grip
strength has been examined in a number of studies,
none of which was able to detect any significant effects
in males in contrast to women.”>” Gender differences
in the response to vitamin D supplementation may
explain these discrepancies.’

EFFECT OF VITAMIN D SUPPLEMENTATION
ON THE EFFICACY OF EXERCISE TRAINING IN
NON-ATHLETES AND THE ELDERLY

The effect of vitamin D supplementation on re-
sistance training was examined by Agergaard et al®
in randomized young and elderly untrained males
in a study at latitudes with low sunlight (December-
April, 56°N). All participants in the study followed a
progressive resistance training program of the quadri-
ceps muscles assessed by measurements of muscle
hypertrophy, quadriceps isometric strength and muscle
biopsies for fiber type morphology, expression of
vitamin D receptors and myostatin.® Vitamin D sup-
plementation increased the percentage of fiber type
IIa and decreased myostatin mRNA compared to par-

allel controls. Vitamin D supplementation improved
the muscular effects of resistance training (muscle
strength evaluated by isokinetic dynamometry and
percutaneous isometric electromyostimulation) in
the older adults but failed to induce any changes in
the younger males. It should be noted though that the
younger individuals had quite high levels of serum
vitamin D (mean 48 ng/ml). In several other controlled
randomized trials that have measured muscle strength
in vitamin D supplemented persons, their age ranging
from 18 to 40 years, a significant increase in upper and
lower limb strength was repeatedly documented.” 7
The minor differences recorded may be attributed
to the wide range of vitamin D supplements used
in each study.”” Generally speaking, modest doses
of vitamin D supplementation appear to be superior
compared to much higher doses.”” Thus, vitamin D
supplementation at daily doses of 800 to 1,000 IU
consistently demonstrated beneficial effects on strength
and balance,’® vitamin D supplementation in general
notably strengthening quadriceps power.”*

It should be noted, however, that regarding the
efficacy and the degree of the beneficial effects of
vitamin D supplementation on muscle strength and
balance as a general rule, it appears that the prior-
to-treatment levels of vitamin D are of paramount
importance. Indeed, the higher the pretreatment levels,
the lesser the magnitude of the benefits, i.e. even a
small gain in muscle strength can be complemented
through vitamin D supplementation.

ASSOCIATION BETWEEN LOW VITAMIN D
LEVELS AND THE RISK OF FALLS
AND FRACTURES IN THE ELDERLY

The International Osteoporosis Foundation, the
Endocrine Society and the US Preventive Services
Task Force agree that low levels of vitamin D are
directly associated with an increased incidence of
falls and fractures in the elderly.®! Gerdhem et al®
have evaluated, in the prospective population-based
OPRA study of elderly women, the association be-
tween vitamin D levels, fall-associated variables
including muscle strength and fracture rates in these
ambulatory women.*? They have found that low levels
of vitamin D were strongly associated with lower
levels of physical activity, gait speed and balance,
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while, moreover, levels of less than 20 ng/ml were
associated with an increased risk of fractures. It has
in fact has been suggested that the minimum level
of serum vitamin D that prevents falls and fractures
in the elderly seems to be around 24 ng/ml. Higher
levels than this do not appear to offer any additional
beneficial effect regarding the risk of falling.®!

Thus, most of the current literature data concur
that vitamin D deficiency leads to myopathy, reduced
muscle mass and strength, low exercise performance
and an increased risk of falling,® while higher vitamin
D levels have been associated with improved balance,
reduced frailty and disability,** maintenance of
functional independence®® and better mobility.>38788

Other major trials have also confirmed that vi-
tamin D supplementation lowers the risk of fall-
ing and fractures in the elderly. Prince et al® in a
randomized, controlled trial in Australia evaluated
women with at least one fall in a 12-month period
and with a plasma 25-hyroxyvitamin D level <24
ng/mL. The authors suggested that elderly persons
with a history of falling and vitamin D insufficiency
living in sunny climates benefit from ergocalciferol
supplementation resulting in a 19% reduction in the
relative risk of falling, mostly in winter. Pfeifer et
al”® demonstrated a reduction in falls of 27 to 39%
in community-dwelling seniors supplemented with
8001IU vitamin D and calcium daily versus calcium
alone. This drop in falls was correlated with an im-
provement in quadriceps strength and in the TUG
test. Similarly, Zhu et al®! reported enhanced muscular
strength and improved TUG test in the individuals
within the lowest vitamin D quartile. These results
are consistent with another study that showed a 49%
reduction in falls in elderly women from a geriatric
ward supplemented with 800 IU per day of vitamin
D. Bischoff-Ferrari et al®* evaluated several studies
involving men and women with an average age of
70 in whom vitamin D supplementation resulted in
a significant 22% decrease in fall risk. In another re-
port, vitamin D supplementation in homebound older
subjects resulted in a significant decrease in the rate
of falling compared to those randomized to placebo.”

It is of interest that in a recent report it was found
that high doses of vitamin D supplementation may
be counterproductive in preventing falls among the

elderly. Specifically, the effectiveness of different
doses of vitamin D supplementation were evalu-
ated regarding the risk of functional decline in 200
community-dwelling men and women 70 years and
older with a prior history of falls. A one-year follow-
up showed that the incidence of falls was higher in
the high vitamin dose group, i.e. those taking 60,000
IU per week compared to those taking 24,000 1U
per week. The authors concluded that although the
higher monthly dose of vitamin D was effective in
reaching a threshold of at least 30 ng/mL of serum
vitamin D, it had no significant beneficial effects on
muscle strength at the lower extremities and instead
may have augmented the risk of falls compared to
the lower dose.”

VITAMIN D AND MOBILE INDEPENDENCE
IN THE ELDERLY

It is well documented that the maintenance of muscle
strength and power in the elderly is crucial in preserving
their kinetic ability and their mobile independence for
the performance of all the physical activities needed.
It is of note that in the elderly, mobility limitations
in most reports is defined as a self-reported inability
to walk a mile, climb stairs or perform housework.”
Maintenance of functional independence among the
elderly depends on muscular performance, mental
capabilities, bone structure, the cardiovascular system
and, of course, vitamin D levels.”*’

The Barthel scale assesses the likelihood of the
elderly to be able to live at home independently and,
according to this scale, patients taking vitamin D
supplements have a higher Barthel index.”® Barthel
is an ordinal scale used to measure performance in
activities of daily living (ADL). Ten variables of
performance are measured, each rated on this scale
with a given number of points assigned to each level
or ranking. In fact, vitamin D levels appear to be the
only relevant modifiable factor for the likelihood of
recovering walking ability after hip fracture.”

GEOGRAPHICAL LATITUDE AND INSOLATION
ON EXERCISE PERFORMANCE

Athletic performance parallels seasonal fluctua-
tions of vitamin D levels, peaking in summer when
vitamin D levels are the highest.'” Koch and Ra-
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schka,'"! reviewing the German experience as to the
seasonality of physical performance, confirmed that
muscular strength and maximal oxygen uptake (VOamax)
peaked in late summer. Comparable findings were
reported in the seventies in a study on the physical
performance of a population of approximately 2000
Norwegian men showing seasonal variability peak-
ing in summer.'”” Similar data were reported in the
eighties regarding the seasonal performance of the
Swedish national track and field teams where VOapax
peaked in summer.'®

The seasonal variation of vitamin D is a well-
documented phenomenon.!™ In the winter months,
endogenous vitamin D production is drastically reduced
as a result of reduced exposure to UVB radiation,
while it may be adequate in summer when exposure
to UVB radiation promotes the endogenous synthe-
sis of vitamin D synthesis in the skin, the principal
source of this vitamin. Similar variations have been
reported for athletes. In soccer players, the levels of
serum vitamin D are “normal” in 50% of athletes
during summer, whereas it drops to 16% in winter.'
A study performed in a high latitude area (Laramie,
WY 41.3°N) revealed that the prevalence of “low”
vitamin D was about 63% in winter compared to only
12% in autumn and 20% in spring in both indoor and
outdoor athletes.'™

Similar findings have been reported in a study
conducted at higher latitudes (Ellensburg, WA 46.9°N)
using exclusively outdoor athletes. A percentage of
25% to 30% of the athletes were vitamin D insuf-
ficient during fall and winter.'® Morton et al'® also
reported a significant drop of serum levels of vita-
min D in a group of professional soccer players of
the English Premier League at the latitude of 53°N
between summer and winter. In agreement with these
data were findings in professional soccer players in
Spain training at a latitude of 37°N and showing a
statistically significant reduction in serum levels of
vitamin D from October to February.!”’

Although most authors attribute the peaking of
athletic performance during the summer months to
higher vitamin D levels, other authors disagree with
this explanation and offer alternative causes for this
well-documented seasonality. According to Morton
et al,'’® the higher physical performance in summer

is a consequence of outdoor physical activity in the
warmer weather which additionally results in exposure
of athletes to higher levels of UAYV, i.e. these authors
see the two phenomena as parallel but independent.
Furthermore, athletes participating in summer competi-
tions such as track and field need to be in top condition
during this period since most major competitions take
place in summer. As a consequence, enhanced training
and competition in summer would result in both better
athletic performance and a parallel but independent
rise of serum vitamin D levels.'”® On the other hand,
participants in other sports such as soccer, American
football or basketball attain their best performance in
winter, while in summer they recuperate resulting in
a reduction and/or cessation of their training and to a
deterioration of exercise performance and capacity.'”
Nevertheless, even when controlling for seasonal
fluctuations in time spent exercising, variation in wrist
flexor strength and muscle trainability still correlated
with seasonal variations of vitamin D levels.

VITAMIN D LEVELS AND INDICES OF
ATHLETIC PERFORMANCE IN SOCCER
AND OTHER SPORTS

There is a growing body of literature documenting
a strong association between vitamin D levels and
indices of exercise performance in athletes and in
physically active populations. A recently published
study from our laboratory'” reported a linear relation-
ship between vitamin D levels and muscle strength as
evaluated by squat jump (SJ), countermovement jump
(CM)), sprinting ability (10 m, and 20 m), and VOamax
in non-supplemented professional soccer players.
Our results are comparable with a number of other
reports on a variety of sports, all showing that vitamin
D levels are closely associated with muscle power,
neuromuscular performance and aerobic endurance in
athletes."!"2 Of note, Hamilton et al''’ reported that
vitamin D levels were not associated with lower limb
isokinetic muscle function in soccer players, although
those soccer players with lower levels of vitamin D
exhibited a significantly lower torque in hamstring
and quadriceps muscle groups compared to those
with higher vitamin D levels, a finding suggesting
that lower vitamin D levels are indeed associated with
inferior muscular function during exercise.
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Regarding aerobic capacity and VOama, large
cross-sectional studies have shown that vitamin D
levels correlate well with overall performance and
cardiovascular fitness. Specifically, Mowry et al
have found a positive correlation between baseline
cardiorespiratory fitness, VOanax and serum vitamin D
levels in 16- to 24-year-old healthy athletic women.
Similarly, a recent study in professional soccer players
reported that VOom.x Was significantly associated with
vitamin D levels.""" Similar findings have been reported
in young physically active individuals.'? Individuals
who had vitamin D levels above the recommended
limit of 35 ng/mL, i.e. were vitamin D sufficient, were
found to have significantly higher VOanma values when
compared with athletes whose vitamin D was below
this cut-off point. Finally, Ardestani et al''* reported
a close association between vitamin D levels and
VOomax in both men and women. Interestingly, this
correlation was also evident in subjects with moderate
levels of physical activity.

STUDIES UNABLE TO DOCUMENT ANY
CORRELATION BETWEEN VITAMIN D LEVELS
AND ATHLETIC PERFORMANCE IN VARIOUS
SPORTS

A number of published reports fail to document any
statistically significant correlation between indices of
exercise performance and vitamin D levels.'"® Thus,
vitamin D levels did not appear to correlate with grip
strength or swimming performance in adolescent swim-
mers''¢ nor with isokinetic peak torque during knee
flexion and extension after adjusting for total body
and lean mass in Qatar soccer players.'? Similarly,
no association was observed between athletic perfor-
mance and vitamin D levels in hockey players whose
explosive strength during jumping was not associated
with vitamin D levels nor with power production dur-
ing the Wingate anaerobic test.!'® Similarly, vitamin D
levels were not associated with Vo in the skating
treadmill tests of junior and collegiate male hockey
players. The authors suggested that these findings
could be the result of the fact that none of their play-
ers was vitamin D deficient. According to Wilson et
al,"!” worsening in aerobic capacity could result only
in vitamin D deficient individuals. In the study by
Fitzgerald et al,'" the authors reported that although
37.7% of their athletes had insufficient vitamin D

levels, levels in the deficiency range were necessary
for a compromise of cardiovascular fitness to ensue.
Again, our opinion is that for vitamin D to statistically
be able to affect muscle strength or acrobic capacity,
serum levels should be in the insufficiency range
since individual variations in muscular performance
or aerobic capacity may hide individual dependence
on vitamin D levels, the only way to overcome this
problem being vitamin D supplementation.

EFFECT OF VITAMIN D SUPPLEMENTATION ON
ATHLETIC PERFORMANCE

It is increasingly apparent that athletes need higher
levels of vitamin D because of the elevated demands of
their strenuous daily training,''® vitamin D exhibiting
a positive linear relationship with ergometric evalua-
tion of muscle strength.!"® Vitamin D supplementation
has moreover been demonstrated to augment athletic
performance in vitamin D-deficient athletes.'® Early
studies on collegiate athletes and students showed that
cardiovascular fitness, muscle endurance and speed
were enhanced following exposure to ultraviolet radia-
tion. Historically, in 1938 Russian authors'? reported
that sessions of ultraviolet irradiation improved speed
in the 100-m dash in four students as compared with
matched controls. The irradiated students had a 7.4%
increase in 100-dash times compared to only 1.7%
of the controls, although both groups underwent the
same exercise training. Subsequently, it was shown
that UV irradiation twice a week for a period of six
weeks resulted in a significant improvement in per-
formance in the bike ergometer.'?! UAV treatment
in college athletes also enhanced cardiovascular fit-
ness,'? while it additionally improved reaction time
in adolescent and adult individuals.'? Furthermore, a
single exposure to UV irradiation increased strength,
speed, aerobic performance and endurance in college
women.'?*!25 Enhanced performance was moreover
observed in the 30-yard dash of college women after
6-minute exposure to UV light.!?

A randomized placebo-controlled study examined
the effects of vitamin D3 supplementation on mus-
culoskeletal performance'? in highly trained male
professional soccer players. Approximately 60%
of the athletes on supplementation and 70% of the
controls exhibited serum levels of vitamin D prior
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to treatment of 20 ng/ml. Vitamin D supplementa-
tion increased serum vitamin D levels to 40 ng/ml
and increased significantly the 10 m sprint time and
vertical-jump compared to the placebo group. Simi-
lar data were obtained in athletes living at northerly
latitudes (UK = 53°N) who had low vitamin D levels
(<20 ng/ml). Corroborating these data, Wyon et al'?®
reported enhanced neuromuscular performance in elite
classical ballet dancers who in a study were placed on
vitamin D supplementation, while isometric muscular
strength and vertical jump height were measured
pre- and post-intervention. A significant increase of
isometric strength and vertical jump were observed.
Interestingly, the intervention group also sustained
significantly fewer injuries compared to the controls. In
agreement with these data are the findings of another
study from the same group.'?* The authors examined
the effect of vitamin D supplementation on muscle
function using isokinetic dynamometry in male judoka
athletes randomly allocated to vitamin D treatment or
placebo. The former group had a significant increase
in muscle strength.

It should be noted, however, that vitamin D sup-
plementation does not improve athletic performance
in individual athletes who have sufficient vitamin D
levels prior to treatment. Thus, Close et al'*° examined
the effects of vitamin D supplementation on several
exercise performance indices in club-level athletes.
Participants were randomized into those receiving
placebo or vitamin D. No improvement of exercise
performance was observed, most probably because
none of the athletes had low vitamin D levels prior to
treatment."*’ The lack of any beneficial effect of vitamin
D supplementation on athletes with adequate levels
of vitamin D prior to treatment was also documented
in reports involving rowers and football players.'3!:132

THE EFFECTS OF VITAMIN D ON MUSCLES
PARALLELS ITS EFFECTS ON TESTOSTERONE
PRODUCTION

It has been suggested by several small studies
that vitamin D may be associated with testosterone
levels and that vitamin D supplementation may boost
the endogenous production of testosterone. If these
observations are indeed true, we may attribute part of
the beneficial effects of vitamin D on the neuromus-

cular system to its beneficial effect on testosterone.
However, the current literature data on this subject
are limited and most are contradictory. Thus, in a
large European Male Ageing Study, although free
testosterone levels were lower and E(2) and LH levels
higher in men with vitamin D deficiency, i.e. in men
with 25(OH)D <50 nmol/l, adjusting the data for
health and lifestyle factors, no significant associa-
tions were evident. Furthermore, while a significant
seasonal variation was evident in 25(OH)D levels, no
corresponding variation of the reproductive hormones,
SHBG or PTH, was present.'

It is of special note that only one other large ob-
servational study was published prior to the European
Male Ageing Study designed to evaluate the possible
association between 25(OH)D and testosterone levels
in men. The authors found that serum 25(OH)D levels
were independently associated with testosterone in
a sample of 2299 men with a mean age of 62 years
and that a parallel seasonal pattern of 25(OH)D and
testosterone levels was present. However, the study
population was highly biased since the subjects were
not healthy, having hypertension, pre-existing coronary
artery disease and diabetes, while the negative study
consisted of essentially healthy community-dwelling
males.'**

In another study of 1362 male participants of the
Health Professionals Follow-up Study selected for a
nested case-control study on prostate cancer, 25(OH)D
levels were associated with total and free testosterone
reaching a plateau at higher levels. Again, this study
also had a biased population.'3

Moreover, studies with vitamin D supplementation
are mostly negative or contradictory. For example,
in a post hoc analysis of three small clinical trials of
limited duration in men with normal baseline testos-
terone concentrations, supplementation with 2000 [U
of cholecalciferol daily was not associated with any
increase in the circulating testosterone levels.** By
contrast, in another small study vitamin D supplemen-
tation had a borderline effect on testosterone levels.'?’
Of interest however are two smaller studies, one in
China and another in Korea, that found a positive
correlation between 25(OH)D and testosterone, which
showed a similar seasonal variation. Lower vitamin
D levels were associated with a higher prevalence
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of hypogonadism in Chinese men. This association
might, in part, be explained by adiposity and insulin
resistance and warrants additional investigation, '3!3

VITAMIN D IN SARCOPENIA

Sarcopenia is defined as a major loss of muscle
mass and strength in older individuals to a degree of
less than 2SD compared to that of the young. The
prevalence of sarcopenia increases with age from 5
to 15% in persons between 60 and 70 years of age
and up to 50% in persons older than 80. The risk
of falling doubles in sarcopenic individuals.'#-'43
Sarcopenia should not be confused with two other
causes of muscle loss, cachexia and age-associated
loss of muscle cells. Thus, severe cancer may cause
cachexia or myopenia associated with the circulating
cytokines and other tumor-produced factors affecting
cell health and tissue renewal. In individuals with no
cancer, sarcopenia appears to be the extreme end of
an age-associated gradual loss of muscle mass start-
ing at the age of 30 and accelerated by a sedentary
lifestyle. Between ages 30-60, most adults exhibit
a gradual loss of approximately a quarter of a kg of
muscle mass per year, while at the same time gaining
half a kg of fat.'#-146

Histologically, sarcopenia is characterized by a
decline in the number of type II fast twist muscle cells
and a parallel increase in the number of type I slow
twitch cells. Sarcopenia is additionally characterized
by fat infiltration of muscles identified as myosteatosis
or obese sarcopenia. DEXA, ultrasound, MRI and
CT are useful in assessing muscle fat composition.

Several factors accelerate muscle loss with age,
lack of exercise and a sedentary lifestyle as well as a
parallel reduction of protein intake being thought to
represent the principal inducing factors. Exercise is
well-established as having trophic effects on muscle
mass and function. Sarcopenia is negatively associ-
ated with the dietary intakes of energy and proteins
in both genders. It should be noted that proteins act
synergistically with exercise to increase muscle mass.
Another factor contributing to the development of
sarcopenia is the decline of testosterone levels. Tes-
tosterone activates protein synthesis in muscles and
inhibits the maturation of pre-adipocyte progenitor
cells present within muscles. Testosterone produc-

tion declines gradually in males (around 1% per year
after the 30th year of age) and in females at a much
faster rate.

A strong association between serum vitamin D
levels and sarcopenia has been documented in several
studies. Indeed, sarcopenia is inversely associated
with serum 25(OH)D levels in women and serum
PTH in men. The likelihood of sarcopenia increases
1.46-fold because of the lowering of serum 25(OH)D
by 10 ng/mL. Furthermore, mice lacking the vitamin
D receptor exhibit a sarcopenic skeletal muscle phe-
notype. It should also be mentioned that the density
of vitamin D receptors in human muscle decline as
a function of aging.'47-1%0

VITAMIN D ACCELERATES MUSCLE HEALING
AMELIORATING THE INFLAMMATORY
RESPONSE TO INJURIES

Vitamin D affects both innate and adaptive immu-
nity, vitamin receptors being present in most cells of
the immune system, including Treg cells, neutrophils,
dendritic cells, B cells and macrophages. Interest-
ingly, several immune cells, including lymphocytes,
hydroxylate 25(OH)D to its active form 1,25(OH)2.
Most of the effects of vitamin D on innate immunity
are anti-inflammatory. In monocytes/macrophages,
vitamin D suppresses the production of the inflamma-
tory cytokines TNF-alpha, IL-1beta, IL-6 and IL-8.
Vitamin D also suppresses TLR expression, the TLR
transmembrane protein inducing the signaling cascade
activating transcription factor NFxkB and cytokine
production, in immune cells and adipocytes.!5":152

Intense exercise in conditioned athletes and demand-
ing endurance sports damage skeletal muscle cells:
this results in intramuscular inflammatory responses,
namely, infiltration of neutrophils and macrophages
into the damaged muscles and the local production
of cytokines and chemokines. It is a process largely
initiated by the damaged muscle cells which produce
muscle-derived cytokines, the infiltrating neutrophils
and monocytes/macrophages promoting muscle dam-
age subsequent to muscle injury. Macrophages may
also play a role in muscle repair and regeneration
through growth factors and cytokine-mediated ef-
fects. Furthermore, muscle cells-derived nitric oxide
inhibits inflammatory cell invasion into the healthy
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parts of muscles, while intramuscular immune cells
remove cellular debris and protein fragments to fa-
cilitate subsequent muscle regeneration and healing.
During the inflammatory phase, muscular pain is
intensified and muscle strength declines, compromis-
ing athletic performance. Of particular note, because
the inflammatory phase is crucial for the subsequent
healing process, its pharmacological suppression
may jeopardize it. Indeed, exercise-induced muscular
inflammation initiates muscle repair, regeneration
and growth involving activation and proliferation
of satellite cells. The process of muscle recovery is
characterized by the removal of the remaining cell
debris, intense protein synthesis and myogenesis.'>31%

Vitamin D ameliorates the inflammatory response
following muscle injuries by suppressing the local
production of tumor necrosis factor-alpha (TNF-alpha)
and by blocking c-Jun N-terminal kinase and nuclear
factor-kB (NF-kB), i.e. the signaling pathways me-
diating the pro-inflammatory effects of TNF-alpha.
Apart from its ameliorating effects on the inflam-
matory response, it has been shown that vitamin D
moreover plays an important role in the recovery of
muscles from injuries. Indeed, vitamin D stimulates
the growth and proliferation of myocytes by moving
phosphate into them. Vitamin D treatment improves
markers of skeletal muscle damage including creatine
kinase and lactate dehydrogenase. Vitamin D in ad-
dition exerts beneficial effects on injured tendons via
matrix metalloproteinases and transforming growth
factor-p3.157:158

CONCLUSION

Multiple randomized trials have established that
serum vitamin D levels correlate well with muscular
performance in young and old non-athletes, the rate
of falls and fractures among elderly subjects and
neuromuscular performance in professional athletes.
Vitamin D affects multiple components of the neu-
romuscular axis as well several cognitive faculties.
However, vitamin D supplementation benefits only
individuals with “low levels” of vitamin D prior to
treatment and has no effects on those with adequate
serum levels. Finally, megadoses of vitamin D sup-
plementation may have deleterious consequences for
exercise performance, while they may also increase
the rate of falls in the elderly.
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