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Abstract 
Background 
Vitamin D deficiency has been associated with a decrease in muscle force and fibre type II 
atrophy. Unknown are the effects of vitamin D deficiency on the skeletal muscle 
contractile properties.  
Methods 
To investigate the effects of vitamin D deficiency on the contractile properties and 
expression factors of the medial gastrocnemius muscle, female 3 week old Wistar rats 
were provided with special vitamin D deficient food, preventing hypocalcaemia and 
hyperparathyroidism, and raised in an UV free environment during 10 weeks.  
Results  
10 weeks of vitamin D deficient food results in undetectable 25-hydroxy-vitamin D blood 
serum levels. Vitamin D deficiency was not accompanied with a change in muscle 
contractile properties, only the force frequency relation was shifted to the left. 
Furthermore no atrophy was observed in different muscles. mRNA expression of α-
skeletal actin, MAFbx, MURF1, c-myc , CYP27B1 and VDR was not changed in the Gm.  
Conclusion 
Vitamin D deficiency per se does not result in a decrease in maximal force and muscle 
mass or atrophy but could be the result of associated hypocalcaemia and 
hyperparathyroidism.  
Key words: vitamin D deficiency, muscle contractile properties, skeletal muscle  
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Introduction 
 
Vitamin D deficiency is a widespread phenomenon in the elderly; 80-100% of elderly care-
home residents in Europe, Australia, and North America have been shown to be deficient, 
even a high proportion  have a severe deficiency (Corless, Boucher et al. 1975). There are 
several factors contributing to vitamin D deficiency, namely; decreased dietary uptake, 
diminished sunlight exposure, reduced skin thickness, and thereby a decline in the 
cutaneous levels of 7-dehydrocholesterol, resulting in an up to four-fold decrease in 
vitamin D production in a 70 year old compared to a 20 year old (Holick 1985; 
MacLaughlin and Holick 1985). Also an impaired hydroxylation of 25-hydroxy vitamin D 
(25D) in the liver and kidney and an increased degradation of vitamin D contributes to a 
lower vitamin D status in the elderly (Lanske and Razzaque 2007). Furthermore a 
significant decrease in vitamin D receptor (VDR) expression in skeletal muscle of women is 
found with ageing (Bischoff-Ferrari, Borchers et al. 2004).  

Vitamin D deficiency is associated with a decline in muscle strength (Mowe, Haug 
et al. 1999) and type II fibre atrophy (Sato, Iwamoto et al. 2005) .Type II fibres are fast-
twitch and their recruitment is essential in the strategy to prevent falls (Snijder, van 
Schoor et al. 2006). Furthermore, vitamin D deficiency is associated with sarcopenia; the 
degenerative loss of skeletal muscle mass and strength during ageing.  

Past vitamin D deficiency studies have been shown that muscle weakness is 
reversible and that vitamin D supplementation to deficient people resulted in an increase 
in relative number and size of type II fibres (Sato, Iwamoto et al. 2005). However, it is 
unknown how contractile properties are affected in vitamin D deficient muscle. In rats it is 
already shown that vitamin D deficiency did not cause an altered muscle composition and 
that vitamin D deficiency increased the myofibrillar protein degradation (Wassner, Li et al. 
1983). Furthermore, it was shown that depletion of vitamin D prolonged the relaxation 
phase of a muscle contraction (Rodman and Baker 1978). It is unknown what happens to 
maximal force, fatigability and transcription factors influencing muscle mass and function 
during vitamin D deficiency. 

During vitamin D deficiency, hypocalcaemia and hyperparathyroidism occur. By 
providing a special diet, it is possible to maintain normal circulating calcium, phosphorus 
and parathyroid hormone in vitamin D deficient animals (Kollenkirchen, Fox et al. 1991) 
and hence study the effects of low vitamin D levels deficiency per se. It was our aim to 
provide a better understanding of the muscular adaptations accompanied with vitamin D 
deficiency in rats by studying the contractile properties of the medial gastrocnemius 
muscle (Gm). Furthermore, we aimed to understand muscle adaptations occurring during 
vitamin D deficiency per se, thus without changing calcium and parathyroid serum 
concentrations, by studying its effect on the expression of α-skeletal actin mRNA and the 
ubiquitin pathway (MuRF1 and MAFbx) to obtain insight in synthesis and degradation of 
contractile proteins. In addition, the mRNA expression levels of CYP27B1, the 25D 
hydroxylase, which transforms the 25D into the active form of vitamin D, 1,25(OH)2D3, 
(1,25D), and the VDR, were studied to obtain indications for changes in the local 
intramuscular 1,25D concentration and VDR quantity respectively. We expected that after 
10 weeks of vitamin D deficient food uptake and an UV free environment, rats show a 
change in muscle contractile properties, particularly resulting in an extended half-
relaxation time. Furthermore, we expect that the maximal force is reduced which would 
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be the result of type II atrophy. This atrophy would be the result of an increase in MuRF-1 
and MAFbx mRNA expression.  



Chapter 4                          
_________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________ 

61 

Material and Methods 
Animals. Twenty-one-day-old female Wistar rats were obtained from Harlan (Harlan, 
laboratories, Inc, Netherlands) (n = 16) and raised in an incandescent-lighted environment 
with a 12:12 light dark cycle. Rats aimed to become vitamin D deficient were maintained 
on 2.0% calcium, 1.25% phosphorus, 20% lactose semi-synthetic diet deficient in vitamin 
D. This diet has been reported to cause vitamin D deficiency in rats without concomitant 
hypocalcaemia, hypophosphatemia and hyperparathyroidism (Kollenkirchen, Fox et al. 
1991). Control rats were kept on the same semi-synthetic diet supplemented with 800 IU 
vitamin D3. All animals were maintained on their assigned diets for 10 weeks. Rats were 
weighted 5 times a week and food and water uptake was monitored weekly. At 13 weeks 
of age the contractile properties of the medial gastrocnemius muscle (Gm) were 
determined. All experiments were approved by the local ethic committee of the VU 
University Amsterdam and conform to the Dutch Research Council’s guide for care and 
use of laboratory animals.  
Rats were anaesthetized by an initial dose of urethane (0.75 g·kg-1 i.p.). After 10 minutes 
an additional dose of 0.75 g·kg-1 urethane was given. If the rats still responded to 
nociceptive stimuli, supplementary injections of 0.63 g·kg-1 were applied during the 
experiment. The medial gastrocnemius muscle (Gm) of the right leg was dissected while 
keeping the proximal origin and the blood supply intact. The femur was fixed and the 
distal tendon, with a small part of the calcaneus, connected to a force transducer. Length 
changes of the Gm were controlled by a servomotor connected to the lever arm to which 
the force transducer was mounted. The sciatic nerve was cut and contractions induced by 
supramaximal electrical stimulation (1 mA, pulse width 200 μs), defined as the current 
above which the twitch force did not increase further. Subsequently, the muscle was set 
at the length at which the active twitch force was maximal, with a series of twitch 
contractions (1 per minute). Then, the optimal length (L0) was set with a few tetanic 
contractions (150 Hz, 150 ms). Muscle temperature was maintained at 34-36 ºC with a 
water-saturated airflow around the muscle, which also kept the muscle moistened (de 
Haan, Lodder et al. 1989). Stimulation and length changes were computer controlled. 
Force and length signals were digitized using an AD-converter at a sampling rate of 10 kHz. 
At the end of the measurements the Gm was excised, weighed, stretched to L0, pinned on 
cork and frozen in liquid nitrogen.  
 
Protocols 
Frequency – force relation. To determine the frequency-force relation the muscle was 
stimulated at L0 at the following frequencies in random order: 20, 40, 60, 100, 150 and 250 
Hz. The stimulation duration was 150 ms. The time between each contraction was 3 
minutes to prevent the development of fatigue and minimize potentiation. 
 
Force – velocity relation. To determine the force-velocity relation, the muscles were 
maximally stimulated with 400-Hz, 150-ms trains (de Haan 1998). During the contractions 
the muscles were allowed to shorten at a constant velocity (10, 20, 30, 50, 75, 100, 125, 
150, 200 and 250 mm·s-1). Just before the contraction started, the muscle was passively 
stretched to 0.5-1 mm above L0. Each contraction started with a short isometric phase 
during which the force increased to the level that could be sustained during the 
subsequent shortening at the specific imposed velocity. This ensured that the force was 
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constant when the muscle passed L0 during shortening (De Haan, de Ruiter et al. 1993). 
Rest between contractions was 3 minutes. 
 
Fatigue. The fatigue protocol consisted of a serie of 20 isometric contractions (150 Hz; 150 
ms; 1 contraction every 500 ms) at L0.  
 
Data analysis. For all isometric contractions, net peak twitch and tetanic force was 
calculated. The decrease during the fatigue protocol was expressed relative to the force of 
the first tetanic contraction and for each tetanus during the fatigue protocol, the half-
relaxation time (HRT) was calculated. HRT was calculated as the time for force to decrease 
from the maximum to 50% of the maximum at the end of the stimulation. 
 
Blood serum values. After the determination of the contractile properties of the Gm, blood 
was collected from the vena cava. Serum concentrations for 25D were measured using a 
DiaSorin radioimmunoassaykit for 25D (DiaSorin, Stillwater, MN). 
 
Total RNA isolation. Total RNA was extracted from the low oxidative, distal part and the 
high oxidative, proximal part of the Gm (De Ruiter, De Haan et al. 1995) using the 
RiboPure kit (Applied Biosystems, Foster City, USA) according to the manufacturer’s 
instructions. RNA concentrations were determined in duplicate by spectroscopy (ND-1000 
spectrophotometer; Nanodrop Technologies, Wilmington, DE). RNA purity was verified by 
260/280 ratio (range 1.97-2.10, mean 2.03). The muscle total RNA concentration was 
calculated on the basis of total RNA yield (μg) per weight (mg) of the analyzed sample. 
 
Reverse Transcription (RT). Five hundred nanograms of total RNA per muscle were reverse 
transcribed using the high capacity RNA-to-cDNA kit (Applied Biosystems) containing 
random primers in a 20 μl total reaction volume. Tubes were heated at 25 ºC for 5 min, 
followed by 42 ºC for 30 min. Finally the tubes were heated to 85 ºC for 5 min to stop the 
reaction and stored at -80 ºC until used in the qPCR reaction. 
 
qPCR. A quantitative PCR analysis method was applied to study the expression of 18S RNA 
and mRNAs of α-skeletal actin, muscle ring finger-1 (MuRF1), muscle atrophy F-box 
(MAFbx), c-myc, vitamin D receptor (VDR) and CYP27b1. The sequences for the primers 
(Invitrogen, The Netherlands) used for the specific RNA and mRNA targets are shown in 
Table 4.1. For each target, RT and PCR reactions were carried out under identical 
conditions by using the same reagent premix for all samples. Five microliter of each RT 
reaction was used for the PCR amplification. cDNA dilutions were set so that both the 
target mRNA and 18S rRNA product yields were in the linear range of the semi-log plot 
when the yield is expressed a function of the number of cycles. Amplifications were 
carried out in a StepOne real-time PCR machine (Applied Biosystems) with an initial 
activation/denaturing step of 23 s at 95 ºC followed by an annealing step of 30 s at 60 ºC. 
The range of cycle threshold values was 15-30. Specificity was confirmed by melting curve 
analysis after amplification. 18S rRNA and mRNA data were normalized to total RNA yield 
per sample as well as to the weight of tissue needed for extracting the amount of RNA 
used for cDNA synthesis. For each gene, differences in mRNA copy numbers of mRNA 
expression were shown relative to the Gm 18S rRNA expression level.  
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Target mRNA PCR primer sequence 5’→ 3’ 

18S RNA Forward: CGAACGTCTGCCCTATCAACTT   
 Reverse: ACCCGTGGTCACCATGGTA    
α-skeletal actin Forward: CGACATCGACATCAGGAAGGA  
 Reverse: GGTAGTGCCCCCTGACATGA 
MAFbx Forward: TGAAGACCGGCTACTGTGGAA  
 Reverse: CGGATCTGCCGCTCTGA   
MuRF1 Forward: TGCCCCCTTACAAAGCATCTT 
 Reverse: CAGCATGGAGATGCAATTGC 
VDR Forward: CACCCTTGGGCTCTACTCAC 
 Reverse: CTGTTGCCTCCATCCCTGAA 
CYP27B1 Forward: CGGGAAAAGGTGTCTGTCCA 
 Reverse: GTGTCCACTCCAGTAG 
c-myc Forward: CACAACGTCTTGGAACGTCAGA 
 Reverse: GCGCAGGGCAAAAAAGC 

Table 4.1: Sequence of the specific primers used in the quantitative PCR analyses. IGF-1: 

insulin growtht actor -1, MAFbx: muscle atrophy F-box, MuRF1: muscle ring finger-1, VDR: vitamin D receptor. 

 

Statistics. SPSS® v16.0 (SPSS Inc., Chicago, USA) was used for statistical analysis. An one-
way ANOVA was performed on the data of the treatment group and the corresponding 
control group to assess whether there were any significant differences. To assess 
difference in body mass, food and water intake during maintainance of the diets a two-
way ANOVA with repeated measures on one factor was performed. Differences were 
considered significant at P ≤ 0.05. Data are presented as mean ± SEM. 
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Results  
Blood serum levels. As expected, rats raised to be vitamin D deficient had lower 25D blood 
levels compared to the control group (P < 0.001). 25D blood serum levels of the deficient 
animals were all below the detection boundary of 12 nmol l-1. The control group had 25D 
blood serum levels of 43 nmol l-1 (data not shown).  
 
Body and muscle mass. Body mass at the start of the experiment was not different 
between the groups. During the feeding with vitamin D-free food, body mass for the rats 
raised to be vitamin D deficient was higher during the 10 weeks compared to the control 
group (P = 0.018) from week 7 onwards ( p < 0.05) (Fig. 4.1A). Food and water intake were 
monitored weekly and did not differ between the vitamin D deficient group and the 
control group (Fig 4.1). Gm mass of the vitamin D deficient group was not different from 
the control group. This was not only the case for the Gm, but also for the other muscles 
and for the bones (Table 4.2). 
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Figure 4.1: Effects of vitamin D deficiency on body mass, food and water uptake for. A) Body 

mass was monitored 5 times a week from day 21 of birth, at the start of the treatment with vitamin D deficient 

food or control food, till the day of the experiment. The vitamin D deficient group had a higher body mass during 

treatment compared to that of the control group *: P = 0.018. B). Food uptake during the 10 weeks of deficient 

food or control food for the deficient and control group. No differences in food uptake were observed between 

the deficient and control group. C) Water uptake during the 10 weeks of deficient food or control food for the 

deficient and control group. No differences in water uptake were observed between the deficient and control 

group. (repeated ANOVA) 

 Control (n = 8) Deficient (n = 8) 
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Gm mass left (mg) 663.1 (79) 691.8 (50) 
Gm mass right (mg) 770.4 (113) 764.9 (72) 
Soleus mass left (mg) 111.6 (11) 135.5 (63) 
Soleus mass right (mg) 111.5 (14) 152.0 (64) 
Plantarus mass left (mg) 282.3 (19) 257.7 (64) 
Plantarus mass right (mg) 292.8 (34) 274.3 (73) 
EDL mass left (mg) 130.1 (6) 131.1 (10) 
EDL mass right (mg) 133.6 (13) 138.8 (8) 
TA mass right (mg) 558.6 (66) 596.6 (51) 
Heart (mg) 934.1 (77) 1011.4 (129) 
Femur mass right (mg) 926.8 (180) 999.1 (102) 
Tibia mass right (mg) 607.0 (144) 579.0 (36) 
Gm Maximal isometric force (N) 16.6 (1.5) 15.8 (1.8) 
Table 4.2: Effects of vitamin D deficiency on mean (±SEM) of Gastrocnemius medialis (Gm) 
muscle mass of the left and right leg, Soleus muscle mass of the left and right leg, 
Plantarus muscle mass of the left and right leg, Extensor digitorum longus (EDL) muscle 
mass of the left and right leg, Tibialus anterior (TA) muscle mass of the right leg, heart 
muscle mass, Femur bone mass of the right leg, Tibia bone mass of the right leg and the 
maximal tetanic force (Fmax) of the right Gm. Note: no significant differences between the groups 

(ANOVA).  

 
Muscle Functional characteristics 
Maximal isometric force. Maximal isometric tetanic force was similar in the vitamin D 
deficient group and control group (P > 0.05; Table 4.2).  
 
Force frequency characteristics. The force-frequency curve of the vitamin D deficient rats 
was shifted to the left (P = 0.007) resulting in higher relative forces at lower stimulation 
frequencies (Fig 4.2). Figure 4.3 shows typical examples of the observed higher forces 
during low stimulation frequencies (40 and 60 Hz) for the deficient compared to the 
control group.  
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Figure 4.2: Influence of vitamin D deficiency on the force-frequency relation. Vitamin D 

deficiency resulted in a left-shift in the force frequency relation *: P = 0.007. (repeated ANOVA) 

 

 
Figure 4.3: Examples of force traces of contractions at 40 and 60 Hz from a deficient and a 
control muscle. The maximal force for the deficient and control muscle were in the same magnitude (Fmax 

for the control muscle was 16,7 N and for the deficient muscle 16,6 N). 
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Force velocity characteristics. No differences were found in the force velocity relation 
between the vitamin D deficient group and the control group (Fig 4.4). As a consequence, 
also no differences were found between the groups in the power velocity curve and 
maximal power output (data not shown). 

 

Figure 4.4: A typical example of a force-velocity relation from a control animal and a 
deficient animal. 
 
Fatigue. During 20 repeated isometric contractions a similar linear decrease to ~75% of 
the initial force was seen in both groups. Force declined in the control group from 15.9 
(0.7) N to 12.0 (0.6) N, and from 16.2 (0.6) N to 12.1 (0.4) N in the vitamin D deficient 
group (P > 0.05) (Fig 4.5). Concomitantly, the half relaxation (HRT) time increased during 
the isometric repetitions in both groups. There was no significant effect of vitamin D 
deficiency on initial HRT (31 (2.7) ms for the control group and 35 (5.1) ms for the 
deficient group, P > 0.05), nor on the HRT after 20 contractions (56 (4.0) ms for the control 
group and 63 (5.1) ms for the deficient group, P > 0.05). 
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Figure 4.5: Force, as percentage of the initial value, during the fatigue protocol for the 
control and deficient group. After 20 contractions, force declined to ~75% of the initial value, and was not 

different between both groups (repeated ANOVA).   

 
qPCR. To clarify how vitamin D deficiency affected the expression and degradation of 
contractile muscle proteins, different gene transcript levels were assessed in both the high 
oxidative proximal part and low oxidative distal, part of Gm. Total RNA per mg muscle 
tissue was not different between the control and vitamin D deficient group in either the 
proximal or the distal part (Fig 4.6A). This indicates that for comparison of the relative 
mRNA contents, normalization by the expression of the ribosomal RNA level is justified.       

Figure 3B shows the mRNA transcript levels of α-skeletal actin and the E3 ligases 
MuRF1 and MAFbx of the proteasome system. α-skeletal actin expression in the distal part 
of the control group was 1.7 fold higher compared to the proximal part of the control 
group. The expression of the ubiquitin ligases MAFbx and MuRF1 and the vitamin D linked 
markers, c-myc, VDR and CYP27B1 were determined and did not differ between the 
proximal and distal part of both groups (Fig 4.6B). 

Expression of the structural protein α-skeletal actin and the expression of the 
ubiquitin ligases MAFbx and MuRF1 was similar between the control group and deficient 
group. Also the expression of the vitamin D induced c-myc, a transcription factor for 
ribosomal RNA was not different between the groups as was the mRNA expression level of 
VDR and CYP27B1 mRNA (Fig 4.6B). These unaltered expression levels of vitamin D related 
genes indicate that the low serum concentrations of 25D are likely accompanied by low 
1,25D levels in the muscle. 



Chapter 4 
_________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________ 

 70

 

Figure 4.6: Quantitative PCR of structure protein, part of the ubiquitin proteasome system 
and vitamin D associated proteins of the low oxidative, distal part, and of the high 
oxidative, proximal part, of the Gm. A) Total RNA per mg muscle. No differences in total RNA 
concentration were observed between the groups which allowed for normalisation of the mRNA expression 
levels of the target genes to 18S rRNA. B) Expression levels in both control and vitamin D deficient rats are shown 
for the contractile protein α-skeletal actin,the E3 ligases MAFbx and MuRF1 of the ubiquitin proteasome system, 
c-myc, VDR and CYP27b1. No differences in were observed. For all targets, except  α-skeletal actin, there was 
also no difference in expression level between the distal and proximal part. In the control group, α-skeletal actin 
expression in the distal part was higher compared to that of the distal part  (#: P = 0.035) (ANOVA).  
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Discussion 
The aims of this study were to determine the effects of vitamin D deficiency on the Gm 
contractile properties, the effects of vitamin D deficiency on transcripts of the ubiquitin 
pathway and on the transcripts of vitamin D related proteins. We observed that vitamin D 
deficiency resulted in a leftward shift of the force-frequency relation of the Gm. In 
contrast to our hypothesis, no decreases in maximal force and half-relaxation times were 
found. Furthermore, no atrophy was observed and also no change in expression levels of 
genes related to protein synthesis and degradation. This suggests that vitamin D 
deficiency in rat per se, thus without hypocalcaemia and hyperparathyroidism, does not 
result in muscle atrophy nor in a decrease in the potential to generate force.  

Previous studies have shown that a vitamin D free diet after weaning for 6 weeks 
resulted in low 25D and 1,25D levels (Kollenkirchen, Fox et al. 1991). To be sure that our 
rats were indeed 25D and 1,25D deficient and to find changes in the skeletal muscle 
system, we prolonged this period after weaning with another 4 weeks to 10 weeks.   

Low serum levels of 25D and 1,25D do not necessarily implicate low vitamin D 
activities within muscle tissue. Vitamin D activity is determined by its local concentration 
and the quantity of its receptor (VDR). It was expected that the transcripts of VDR and 
CYP27B1 were both upregulated in the deficient rats because of the decrease in substrate 
availability. Regarding the expression of the hydroxylase (CYP27B1), it has been shown 
that its activity was increased in the kidney of vitamin D deficient rats (Fox, Kollenkirchen 
et al. 1991). An increase in concentration of the enzyme may have been due to an increase 
in its mRNA expression. However, in our study we did not find an increase in VDR 
expression suggesting that the local muscle 1,25D concentration was the same as the 
control group. 
 
Effects of vitamin D deficiency on Gm contractile characteristics 
Vitamin D deficiency induced a leftward shift in the force-frequency relation in rats 
resulting in higher relative forces during low stimulation frequencies. Such a phenomenon 
could be explained by an increased relaxation time of Gm, but this was not found. Support 
for the absence of changes in the rate in relaxation comes from the unaltered force-
velocity relation, suggesting that there is no major change in cross-bridge kinetics, and 
hence fibre type composition. Alternatively, the shift in the force-frequency relation may 
be caused by a reduction in the Ca2+ sensitivity of the regulatory proteins on the thin 
filaments, a situation which has for instance been observed in diaphragm fibres from 
patients with chronic obstructive pulmonary disease (Ottenheijm, Heunks et al. 2005). 
Finally, the release of Ca2+ by the SR might be enhanced at low stimulation frequencies 
and/or the intracellular Ca2+ concentration might be slightly elevated. Indeed, 1,25D has 
been shown to increase  the intracellular Ca2+ concentration via both non-genomic 
(Vazquez, Selles et al. 1999) and genomic actions (Boland 1986). Furthermore, other 
studies suggest changes in intracellular Ca2+ transport during vitamin D deficiency; a 
prolonged half relaxation time was found after twitch and tetanic contraction in rats 
(Rodman and Baker 1978), the relaxation after tetanic stimulation was slowed in vitamin D 
deficient chicks (Pleasure, Wyszynski et al. 1979) and it was shown that calcium transport 
by SR was reduced in chickens in vitro (Pleasure, Wyszynski et al. 1979). Furthermore, the 
rate of calcium uptake by the SR was lower in vitamin D deficient rabbits (Curry, Basten et 



Chapter 4 
_________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________ 

 72

al. 1974). These data all indicate that calcium handling is changed during vitamin D 
deficiency.  

 
Effects of vitamin D deficiency on body mass and muscle mass 
Vitamin D deficiency has been shown to reduce weight gain in growing rats (Rodman and 
Baker 1978). However; this reduced weight gain was not directly associated with vitamin D 
deficiency, but rather with the developed hypocalcaemia (Rodman and Baker 1978). In 
contrast to this, we observed in the present study that vitamin D deficiency did cause a 
slightly higher body mass as the deficient group was heavier than the control group. We 
used a special diet which prevents the development of hypocalcaemia, hypophosphatemia 
and hyperparathyroidism (Kollenkirchen, Fox et al. 1991). This diet has been shown in 
earlier studies to, besides preventing the occurrence of hypocalcaemia and 
hyperparathyroidism, lead to a decrease in body mass (Brion and Dupuis 1980; 
Toromanoff, Ammann et al. 1997). The observed higher body mass in the deficient group 
was neither the result of a higher food uptake nor of a difference in start weights of the 3 
week old animals. Neither start weight nor food uptake during the 10 weeks were 
different. The type of food was likely also not the cause of the increased body mass 
because the food of both groups was of the same composition, except for the presence of 
vitamin D. Moreover, the food had the same caloric value. A decrease in metabolism 
might have induced an increased body mass, which was however not accompanied by an 
increase in muscle mass, since after 10 weeks of vitamin D deficient food the mass of the 
different types of muscles was not different between the groups. Another study showed a 
decrease in chicken skeletal muscle mass after 3 weeks vitamin D deficiency (Pleasure, 
Wyszynski et al. 1979). However, these chicks had developed hypocalcaemia (Pleasure, 
Wyszynski et al. 1979). In line with our observation, vitamin D deficient rats fed with a diet 
preventing hypocalcaemia, hypophosphatemia and hyperparathyroidism showed no lower 
muscle mass compared to a control group (Wassner, Li et al. 1983). These results suggest 
that hypocalcaemia, hypophosphataemia and hyperparathyroidism play an important role 
in the development of a lower muscle mass. Also a difference in the activity of the animals 
between the groups could be the cause of the difference in body mass. We did however, 
not test the activity of the animals. 
 
No effects of vitamin D deficiency on the regulation of synthesis and degradation of muscle 
contractile proteins  
It was reported that vitamin D deficiency is accompanied by a decrease in the CSA of type 
II fibres (Sato, Iwamoto et al. 2005). To obtain insight in the early effects of vitamin D 
deficiency in the processes of adaptation of muscle size, we investigated total RNA and the 
mRNA expression levels of α-skeletal actin, c-myc and the E3 ligases of the ubiquitin 
proteasome system, MuRF1 and MAFbx. Changes in the expression levels of these genes 
would provide indications of any atrophic effects of vitamin D deficiency, which may not 
have been apparent in terms of atrophy and a reduction in the maximum muscle force. 
Our data indicate that total RNA, c-myc, α-skeletal actin and MuRF1 and MAFbx 
expression were not changed during vitamin D deficiency.  

C-myc is a transcription factor involved in the activation of rRNA expression 
(Gomez-Roman, Felton-Edkins et al. 2006) and hence the rate of translation. Furthermore, 
1,25D has been shown to activate and induce synthesis of c-myc (Buitrago, Vazquez et al. 
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2001; Morelli, Buitrago et al. 2001). Therefore we hypothesized that c-myc and α-skeletal 
actin expression were decreased in the vitamin D deficient group. However, neither c-myc 
nor α-skeletal actin expression were changed by the vitamin D deficiency indicating that α-
skeletal actin and c-myc mRNA were not inducing atrophy.  

The ubiquitin pathway plays an important role in the induction of muscle 
atrophy. During atrophy, mRNA expression of MuRF1 and MAFbx has been shown to be 
increased. MuRF1 ubiquitinates (Kedar, McDonough et al. 2004) myofibrillar and 
cytoskeleton proteins and energy metabolic enzymes (Witt, Granzier et al. 2005) in 
preparation for their subsequent breakdown in the proteasome (Saini, Al-Shanti et al. 
2006). As vitamin D deficiency is accompanied by atrophy of type II fibres (Sato, Iwamoto 
et al. 2005), we hypothesised that the ubiquitin ligases MuRF1 and MAFbx were 
upregulated in the deficient rats. However, no difference in MAFBx and MuRF1 expression 
was observed. The unaltered total RNA content, α-skeletal actin, c-myc, MuRF1 and 
MAFbx mRNA expression is in line with the unexpected observed maintenance of muscle 
mass and maximal force.  

 
Vitamin D deficiency and its activity in skeletal muscle 

Recently, it has been shown that 1,25D serum levels in young animals remained 
intact even when 25D serum levels were very low and hypocalcaemia and 
hyperparathyroidism were prevented (Anderson, Sawyer et al. 2007). Based on these 
data, it was suggested that the mechanisms underlying relatively high 1,25D levels in 
young animals, despite the low 25D are yet unknown and remain to be determined 
(Anderson, Sawyer et al. 2007). The results in our study also suggest that 1,25D serum 
levels of the vitamin D deficient rats may have been high enough to maintain muscle mass 
and functioning. However, in contrast to Anderson et al. (Anderson, Sawyer et al. 2007), 
Kollenkirchen et al. (Kollenkirchen, Fox et al. 1991) had shown that 1,25D levels were low 
in the deficient vitamin D group while maintaining Ca2+, phosphorus, and PTH levels.  

The question arises whether vitamin D per se is an important determinant of the 
muscle contractile characteristics and a regulator of adaptation of muscle size. In VDR 
gene deleted mice without metabolic abnormalities such as hypocalcaemia, had 20% 
smaller muscle fibres compared to control mice and myogenic transcription factors were 
increased (Endo, Inoue et al. 2003) suggesting a role for 1,25D on muscle tissue. Whether 
it was the vitamin D signalling per se or other factors that may also have been changed by 
the receptor deletion remains to be determined. Our experiment suggests that vitamin D 
likely affects the muscle contractile properties by other factors which are related to the 
circulating levels of vitamin D. The contrast in effects of isolated reduction in 25D blood 
serum concentrations and the inhibition of 1,25D function by this VDR gene-deletion also 
indicate that other unknown factors are likely involved. Extensive protein blood serum 
analysis between vitamin D deficiency and a control group and measuring local, 
intramuscular 1,25D concentrations are necessary to obtain more insight to elucidate 
processes ultimately resulting in vitamin D related muscle atrophy. 

Taken together, in contrast to our hypotheses and observations in other vitamin 
D deficient studies we did not find a decrease in maximal force, muscle mass and also no 
change in expression levels of factors related to protein synthesis and degradation. Since 
we used a special diet which prevented hypocalcaemia and hyperparathyroidism we 
suggest that vitamin D deficiency associated muscle atrophy is not the effect of low serum 
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levels of vitamin D, but rather induced by its secondary effects. Possibly hypocalcaemia 
and/or hyperparathyroidism and changed phosphorus serum levels are responsible for the 
observed muscle atrophy and a decrease in muscle force seen during vitamin D deficiency. 
Support for this hypothesis is the report that primary hyperparathyroidism is associated 
with skeletal muscle weakness (Wells 1991; Uden, Chan et al. 1992), and the relation 
between hypophosphatemia and muscle weakness (Forrester and Moreland 1989). 
However, no relation was found regarding hypocalcaemia and muscle atrophy or 
weakness. 

 
In conclusion, 10 weeks of vitamin D deficient food did cause circulating 25D 

levels to drop below detection limit. A shift to the left was found in the force frequency 
relation, indicating a change in Ca2+ handling. However, no decrease in muscle mass and 
maximal force was observed. Transcription markers of the ubiquitin pathway, MAFbx and 
MuRF-1 and the vitamin D specific markers VDR and CYP27b1 were not altered by the 
deficiency. It is therefore suggested that low vitamin D levels per se do not cause muscle 
atrophy and a decrease in maximal force, but the associated hypocalcaemia and 
hyperparathyroidism seen during vitamin D deficiency may induce muscle alterations 
during vitamin D deficiency.  

 




