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Introduction

Muscle abnormalities are the most common side-effect in patients 
treated with 3-hydroxy-3-methylglutaryl coenzyme A reductase 
inhibitor (statin) drugs and the commonest reason for discon-
tinuing therapy.1-6 Vitamin D deficiency is common in the U.S. 
and worldwide7-9 and may cause muscle dysfunction.10-12 Dietary 
vitamin D

3
 or vitamin D

3
 formed in the skin after sunlight expo-

sure, is rapidly converted to 25-hydroxyvitamin D
3
 [25(OH)D

3
] 

in the liver.11,13 25(OH)D
3
 is the precursor for the active hormone 

1,25-dihydroxyvitamin D
3
 (calcitriol) that acts via the vitamin D 

receptor (VDR) similarly to other steroid hormones.13 25(OH)D 
(when written without a subscript, indicates either vitamin D

2
 or 

D
3
) is the circulating form of the hormone and is routinely assayed 

to determine vitamin D status.11,13 VDR are present in muscle14 
and calcitriol regulates multiple pathways in skeletal muscle.15 
It has long been known that in patients with severe vitamin D 
deficiency causing osteomalacia or rickets, major symptoms of 
muscle weakness and pain occur.16-18 Correcting vitamin D defi-
ciency frequently leads to disappearance of muscle symptoms.17-19 
Recently, several studies have assessed whether lower circulating 
levels of serum 25(OH)D are associated with increased risk of 
statin-associated myalgias.20-22 While two studies did find such 

Myalgias are the most common side effect of statin use and the commonest cause for discontinuing therapy. Vitamin 
D has known physiologic functions in muscle and vitamin D deficiency is known to cause myalgias, with its correction 
leading to disappearance of muscle symptoms. The 521T>C SLCO1B1*5 gene polymorphism decreasing function in the 
gene coding for a liver anion transporter that is responsible for statin uptake has been found to explain the majority of 
statin-associated muscle symptoms. Patients with statin-associated myalgias have been reported to improve with vitamin 
D supplementation. We therefore investigated (i) whether repletion of vitamin D in deficient patients with myalgias could 
lead to tolerance for subsequent statin therapy and (ii) whether vitamin D status modifies the effect of the SLCO1B1*5 
genotype on myalgia risk. Using a retrospective cohort of 64 patients in whom 25-hydroxyvitamin D [25(OH)D] had been 
measured for any reason while on statin therapy, including 46 patients who consented to be genotyped, we found strong 
evidence showing that repletion of vitamin D in vitamin D deficient patients improved myalgias. Of 21 vitamin D deficient 
patients with intolerable statin-associated myalgias, 14 of 15 rechallenged with statins were subsequently symptom-
free, with one patient experiencing mild and tolerable symptoms, far exceeding expected rates of acquired tolerability 
with no therapy (p = 0.01). In addition, while the SLCO1B1*5 genotype was associated with a three-fold increased risk of 
myalgias (p = 0.07), this risk was not found to differ by vitamin D status (p = 0.60).

The role of vitamin D and SLCO1B1*5 gene 
polymorphism in statin-associated myalgias

Randy Linde,* Lihong Peng, Manisha Desai and David Feldman

The Palo Alto Medical Foundation (R.L.) and Stanford University School of Medicine; Palo Alto and Stanford, CA USA

Key words: vitamin D, statin, myalgias, SLCO1B1 genotype, vitamin D deficiency, SNPs

Abbreviations: 25(OH)D, 25-hydroxyvitamin D; VDR, vitamin D receptor; SNP, single-nucleotide polymorphism

an association,20,21 another larger study did not.22 Patients with 
vitamin D deficiency and myalgias were reported to be better 
able to tolerate statins on rechallenge after correction of defi-
ciency with vitamin D supplements.20,21 Other investigators have 
observed a relationship between vitamin D deficiency and statin-
associated myalgias, with vitamin D replacement also leading to 
statin tolerance.23

A recent genomewide analysis has shown that over 60% of 
patients with myalgias associated with simvastatin therapy have 
a single-nucleotide polymorphism (SNP) in the SLCO1B1 gene 
that codes for an organic anion transporter protein that regu-
lates statin uptake in liver.24 Among other polymorphisms in the 
gene, the specific polymorphism (521T>C) (rs4149056 desig-
nated SLCO1B1*5) codes for a variant amino acid substitution 
(Val174Ala) in one of the transmembrane domains of the trans-
porter protein, reducing its activity.25 Recently the SLCO1B1*5 
polymorphism was found to be associated with an increased risk 
of side effects from simvastatin,24 and perhaps to a lesser extent 
from other statins.25-28

Because of the possible relationship of vitamin D to statin- 
associated myalgias, we retrospectively evaluated patients on 
statin therapy for whom a 25(OH)D level had been measured 
for any reason. In addition to determining whether the patients 
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refused to be rechallenged. A post-
treatment 25(OH)D level was 
obtained in 10 of the 15 patients 
treated with vitamin D (Fig. 1), 
with the 25(OH)D values increas-
ing to >30 ng/mL in all patients. 
After 2–3 months of vitamin D 
repletion, the 15 patients were re-
challenged with statin therapy, and 
14 of these (93%) remained symp-
tom-free while one was left with 
mild and tolerable symptoms and 
was able to continue on statin ther-
apy. Seven of the 15 patients (47%) 
had previously developed myalgias 
on at least two different statins. Six 
of the patients tolerated the same 
statin after vitamin D repletion 
while nine of the 15 patients (60%) 
had been switched to a different 
statin after being given vitamin D. 
The decision regarding choice of 
rechallenge statin took into con-
sideration clinical issues and insur-
ance coverage and included all six 
available statins (see Table 1). The 
rechallenge statins used were fluv-
astatin (5 patients), pravastatin (5), 
rosuvastatin (2), lovastatin (1), sim-

vastatin (1) and atorvastatin (1). The patients were all followed 
for at least 1 year, although changes in myalgia status were gener-
ally apparent within days to weeks.

A previous study reported that re-challenging with the same 
or a different statin, without other intervention, relieves myal-
gia symptoms in 43% of patients.4 To assess whether vitamin D 
treatment among vitamin D deficient patients had an impact on 
symptom relief, we tested the null hypothesis that the proportion 
of patients who experienced relief is larger than 45%. Using an 
intent-to-treat approach, with 15 of the 21 treated patients experi-
encing sufficient relief in symptoms to tolerate statin therapy, we 
conclude that vitamin D had a strong impact in relieving myal-
gia-related symptoms (p = 0.01). Among only those vitamin D 
deficient patients who were willing and able to be re-challenged 
with statin therapy, there is overwhelming evidence to suggest 
that vitamin D was efficacious. As all 15 patients improved with 
vitamin D treatment, whether they received D

2
 (4 patients) or D

3
 

(11 patients), the response was equally effective with either form 
of vitamin D.

The SLCO1B1*5 genotype was available for 8 of the 15 
patients who benefited from vitamin D therapy, with 6 having 
TT, one having TC and one having CC genotype. Thus, vitamin 
D deficient patients with all 3 possible genotypes benefited from 
vitamin D treatment. The one patient still left with mild but tol-
erable symptoms had the TT genotype.

A serum level of 25(OH)D had been obtained either because 
of risk factors for vitamin D deficiency, osteoporosis or myalgias 

with statin-associated myalgias were more likely to be deficient 
in vitamin D, we evaluated both the SLCO1B1*5 genotype sta-
tus and the impact of vitamin D treatment on subsequent ability 
to tolerate statin therapy in subsets of these patients. Our goals 
were two-fold: (1) to determine whether repletion of vitamin D 
deficient statin-taking patients with myalgias rendered patients 
statin-tolerant; and (2) to discover if there was a synergistic effect 
between SLCO1B1*5 polymorphism and vitamin D on myalgia 
risk.

Results

In the clinical practice of endocrinology of one of the authors 
(RL), 21 vitamin D deficient patients were seen who also com-
plained of intolerable myalgias while receiving statins. All symp-
toms had resolved when statins were discontinued suggesting 
causality. The 21 patients were treated with vitamin D to repair 
their deficiency, with the dose varying from 1,000 IU daily of 
vitamin D

3
 to 50,000 IU once weekly of vitamin D

2
 depending 

on the degree of vitamin D deficiency. Fifteen of the 21 patients 
were willing and able to be re-challenged with a statin post vita-
min D treatment. Six patients either refused or were not eligible 
for subsequent statin therapy: one patient could not be evaluated 
for symptom relief due to a longstanding diagnosis of fibromyal-
gia; one patient had an abnormal liver test and was no longer a 
candidate for statin therapy; one patient whose lipids normalized 
through weight loss no longer needed therapy; and three patients 

Figure 1. Response to vitamin D treatment in patients rendered tolerant to statin therapy. Fifteen 
patients were able to reinstitute statin therapy after vitamin D repletion. Of these 14 were asymptomatic 
and one had mild tolerable symptoms on continuing statin therapy. The figure shows the vitamin D levels 
before and after vitamin D therapy in the 10 patients that were rechallenged with statins and in whom 
we have 25(OH)D levels pre- and post-intervention with vitamin D therapy. The average concentration of 
25(OH)D is 17.8 ± 2.7 (n = 10) ng/ml in the pretreatment group, whereas the levels rose to 43.6 ± 3.3  
(n = 10) ng/ml in the post-treatment group. p < 0.0005 when compared between groups.
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(defined in this study as pain or  
weakness) on an additional 43 
patients. Baseline characteristics of all 
64 patients (including the 21 treated 
with vitamin D) were then studied 
in retrospect, and are described in 
Table 1. Of the 64 patients on statin 
therapy, muscle symptoms occurred 
in 39 patients (61%). Vitamin D 
deficiency (25(OH)D <30 ng/mL) 
was detected in 37 patients (58%). 
No differences in the proportions of 
patients experiencing myalgia were 
observed between vitamin D status 
groups (59% of vitamin D deficient 
and 63% of vitamin D sufficient 
patients, where the Chi-squared  
p value was 0.98) (Fig. 2). There was 
no difference in age, gender, BMI or 
mean 25(OH)D level in the groups with and without myalgias. 
Although myalgias were more common with certain statins, this 
was not statistically significant, and our clinical impression was 
that this relationship mirrored the frequency with which the vari-
ous statins were prescribed in these patients.

Analysis of the relationship between vitamin D status and 
severity of myalgias revealed no significant differences in levels 
of 25(OH)D by severity of myalgia (ANOVA p = 0.62). Levels 
of 25(OH)D were comparable between those with and without 
myalgia symptoms, where the p = 0.17, and the mean levels were 
28 ng/mL and 24 ng/mL, respectively. Furthermore, there were 
no differences in the proportion of those with vitamin D defi-
ciency across levels of myalgia (Chi-squared p = 0.77, Table 2).

Forty-six of the 64 patients in the study consented to 
SLCO1B1 genotyping. There were no differences in age, BMI 
or myalgia status between those who were and were not willing 
to be genotyped. Females, however, were less likely to provide 
samples for genotyping (p = 0.028), and there were marginal dif-
ferences in vitamin D levels between the two groups; the mean 
25(OH)D level for those who were genotyped was 25 ng/mL ver-
sus 30 ng/mL for those not genotyped (p = 0.07), suggesting that 
those with lower 25(OH)D levels may have been more motivated 
to provide DNA. There were no differences, however, in the pro-
portion of patients who were vitamin D deficient.

Of the 46 patients genotyped at SLCO1B1*5, 29 were TT 
homozygotes, 16 were TC heterozygotes and 1 was homozy-
gous for CC. Muscle symptoms occurred in 14 (48%) of TT 
homozygotes, 12 (75%) of TC heterozygotes and the 1 (100%) 
CC homozygote (Fig. 2). Although only approaching statisti-
cal significance, we found a 3-fold increased risk of myalgias for 
individuals with at least one C allele (p = 0.07). These data are 
shown in Figure 3. Although relative risks were not found to be 
statistically different, the reduction in myalgia risk with the TT 
genotype was 81% in vitamin D sufficient patients versus 60% 
in vitamin D deficient patients. While our study did not find 
an interaction effect between vitamin D deficiency and genotype 
(p = 0.60), the presence of a C allele increased risk of myalgias 

Table 1. Baseline characteristics of 64 subjects who had 25(OH)D levels 
measured while on statin therapy

No myalgia Myalgia

Subject variable N = 25 (37.5%) N = 39 (62.5%) p-value*

Age 
Mean (SD)

59.3 (13.8) 59.5 (10.0) 0.95

Gender 
(Male, Female)

16/9 21/18 0.58

BMI 
Mean (SD)

27.5 (5.5) 27.9 (5.7) 0.77

25(OH)D (ng/mL) 
Mean (SD)

24.3 (10.5) 28.2 (11.6) 0.17

Statin (mg) 0.20

Atorvastatin 
(10, 20, 40)

7/1/1 13/4/1

Pravastatin 
(10, 20, 40)

0/0/2 5/2/0

Simvastatin 
(10, 20, 40)

4/4/1 3/2/1

Lovastatin 
(10, 20, 80)

0/1/1 3/2/0

Rosuvastatin 
(5, 10, 20)

0/1/1 1/2/2

Fluvastatin 
(20, 80)

0 4/1

Taking niacin, feno-
fibrate, diltiazem or 

verapamil
0 9

The doses for the various statins are listed in parentheses in mg and the 
number of subjects for each dose is indicated separated by /. *p values 
are based on a two-sample t-test, Chi-square test or Fisher’s exact test 
as appropriate.

Figure 2. SLCO1B1 genotypes, vitamin D and myalgias status of 64 patients on statin therapy. Unknown 
genotypes are denoted by “?”.
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whether vitamin D deficient or not, 
and TT protected regardless of the 
vitamin D status, as shown in Figure 
4. The end result is that SLCO1B1*5 
genotype explained, in part, the basis 
for some vitamin D deficient patients 
not experiencing myalgias and vita-
min D sufficient patients having 
myalgias.

When vitamin D deficiency was 
defined as 25(OH)D <20 ng/mL, 
analysis of these relationships yielded 
similar results.

As a hypothesis to explain the abil-
ity of vitamin D to protect against 
statin-induced muscle symptoms, we 
considered the possibility that cal-
citriol might regulate the expression 
of the SLCO1B1 gene in liver. In in 
vitro studies using cultured Huh6 
human liver cells and in vivo experi-
ments in mice, we failed to detect 
any change in SLCO1B1 expres-
sion in liver induced by calcitriol 
(Table 3). The calcitriol induction of 
24-hydroxylase (CYP24) was used as 
a positive control.

Discussion

Our study had findings in five dif-
ferent spheres. First, vitamin D 
repletion of deficient patients with 
myalgias allowed the reinstitution 
of statin therapy without symp-
toms. Second, we did not find that 
vitamin D deficiency by itself led to 
myalgias on statins. Third, our data 
suggested that SLCO1B1*5 geno-
type that included at least one “C” 
allele increased risk of myalgias and 
that the increased risk did not dif-
fer by vitamin D status. Fourth, we 
found that calcitriol did not regulate 
SLCO1B1 gene expression. Finally, 
we observed that vitamin D defi-
ciency appears to be common, even 
in a sunny California location.

Regarding the first finding, we 
showed that vitamin D repletion of 
deficient patients with myalgias was 
associated with the ability to rein-
stitute statin therapy without symp-
toms. Of 21 patients with vitamin 
D deficiency and myalgias who were 
replaced with vitamin D, 15 patients 

Figure 3. 25(OH)D levels, SLCO1B1 genotype and myopathy status in 46 patients on statin therapy. The 
data are grouped by myalgia status and displayed according to genotype and 25(OH)D concentration. 
Mean levels of 25(OH)D for those homozygous for the T allele and those with at least one C allele are 
23.0 (10.4; n = 29) and 28.7 (12.0; n = 17) ng/ml, respectively. p = 0.11 when comparing average 25(OH)D 
levels between genotype groups; p = 0.17 when comparing average 25(OH)D levels between patients 
with and without myalgia symptoms.

Figure 4. Odds of Myalgia by SLCO1B1 Genotype and Vitamin D Status. The presence of a C allele 
increased risk of myalgias whether vitamin D sufficient or deficient.
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asymptomatic patients were equally or more likely to be vitamin D 
deficient. These data are somewhat biased, since 25(OH)D was 
measured in these patients for some indication; nevertheless this 
finding highlights the frequency of vitamin D insufficiency, seen 
in even relatively sunny geographical locations.7-9,11

The third finding involves the SLCO1B1*5 genotype. In a sub-
set of 46 patients that consented to be genotyped, our data sug-
gested that patients having the SLCO1B1*5 (521T>C) genotype 
that included at least one “C” allele exhibited an increased risk of 
myalgias, whereas the TT genotype was protective. The genetic 
status appeared to protect some vitamin D deficient patients with 
a TT genotype and increased risk of vitamin D sufficient patients 
with the TC or CC genotype. Based on a clear indication that 
not all statin-taking vitamin D deficient patients had myalgias 
and not all symptomatic patients were vitamin D deficient, we 
hypothesized an interaction between the SLCO1B1*5 genotype 
and vitamin D status to explain which patients developed myal-
gias. Our working hypothesis was that patients homozygous for 
the “C” or high risk variant could develop myalgias even with 
adequate vitamin D status, whereas heterozygous patients would 
be more likely to have muscle symptoms if also deficient in vita-
min D and patients with both common “T” protective alleles 
would largely be asymptomatic even if vitamin D deficient.

In The Search Collaboration Group study,24 the prevalence of 
the “C” allele was 13%. In our study, the prevalence of the “C” 
allele was 19%, which is similar given the relatively small size of 
our study population. We found that 75% of the heterozygotes 
and 1 of 1 (100%) CC homozygote had myalgias, while this was 
the case in only 48% of the TT homozygotes, consistent with the 
observation that the “C” variant is associated with increased risk 
of muscle symptoms. Among vitamin D sufficient patients, 80% 
of those with at least one “C” allele developed myalgias versus 
only 43% of those with the TT genotype and among deficient 

were rechallenged with statin therapy and of those, all were able 
to tolerate reinstituted treatment (71%). It is notable that every 
one of the 15 rechallenged patients (100%) improved, with only 
one patient left with mild but tolerable myalgias. Even though six 
patients were not rechallenged, if we consider the total number 
of patients (21) and apply an intent-to-treat analysis, 14 of the 
21 (67%) (p = 0.01) were symptom-free on statin treatment after 
vitamin D repletion. Nine of these 14 patients (64%) had been 
switched to a different statin, so that it cannot be known with 
certainty whether vitamin D replacement allowed for tolerance 
to statin re-treatment in every patient. Many of these patients, 
however, had been unable to tolerate multiple statins, and then 
were able to do so following vitamin D replacement, leaving us 
with the clinical impression of benefit as only 43% are expected 
to improve following subsequent therapy with no intervention.4 
While the incidence of myalgias differed according to the statin 
used, our impression is that the incidence mirrored the frequency 
with which each statin had been prescribed, and all 6 available 
statins were tolerated by the 14 patients who did not have myal-
gias recur after vitamin D deficiency had been corrected.

Because of this clinical observation, we retrospectively evalu-
ated the role of vitamin D sufficiency and SLCO1B1*5 genotype 
in 64 patients on statin therapy of whom 39 (61%) experienced 
myalgias and 25 (39%) did not. The high proportions of patients 
with myalgias and with vitamin D deficiency is consistent with 
the selection bias of our study, which required that the patients 
had been assessed with a blood level of 25(OH)D, for which 
many patients are screened because of muscle pain or weakness. 
This bias could theoretically have skewed our findings in favor 
of a relationship between vitamin D deficiency and statin-associ-
ated myalgias, but we observed a similar incidence of myalgias of 
59% in patients with vitamin D deficiency and 63% with vita-
min D sufficiency.

The second finding was that vitamin D deficiency itself did 
not lead to myalgias in patients receiving statins. We similarly 
saw no relationship between the severity of vitamin D deficiency 
and the development of myalgias. As a group, our symptomatic 
patients did not have lower 25(OH)D levels than non-symp-
tomatic patients. In fact, more vitamin D deficiency was seen in 
asymptomatic patients but these were almost all TT genotype 
individuals. Our findings differ from that of two previous stud-
ies in which patients with statin-associated myalgias were more 
likely to be vitamin D deficient,20,21 although no relationship was 
found between vitamin D deficiency and myalgias in the larg-
est study that examined this relationship.22 Differences in patient 
selection and study populations might explain these different 
observations. Indeed, on the basis of the statin tolerance follow-
ing vitamin D repletion that occurred in our patients, we believe 
that vitamin D deficiency is likely to be a risk factor for statin 
associated myalgias in specific subgroups of patients. Additional 
studies need to be performed to identify additional factors that 
modify risk.26

Vitamin D deficiency, defined as levels of 25(OH)D <30 
ng/mL, were found in 37 of 64 (58%) of our patients. Thus, 
the test of vitamin D status was more often abnormal than nor-
mal and therefore clinically important on its own merits since 

Table 3. Effect of calcitriol on SLCO1B1 gene expression

In vivo in mice In vitro in cells

mSLCO1B1 m24OHase hSLCO1B1 h24OHase

Control 1 1 1 1

Calcitriol 0.9 5.1 1.1 744

The ability of calcitriol to induce hepatic SLCO1B1 mRNA expression in 
vitro in human Huh6 liver cells and in vivo in mice was assessed by real-
time PCR as described in Methods. In each study, expression of SLCO1B1 
in vehicle treated controls is set at 1 and relative stimulation induced by 
calcitriol is shown as fold-change. Cells were treated for 24 hours with 
100 nM calcitriol and mice were treated for 4 weeks with 25 ng calcitriol 
every other day. Induction of 24-hydroxylase (CYP24) was used as a 
positive control. For both experiments n = 3 treated and 3 controls.

Table 2. Number and percentage with vitamin D deficiency by severity 
of Myalgia

Myalgia severity No symptoms Mild Moderate Severe

Vitamin D deficient 
levels (%)

15 (60) 5 (50) 10 (52.6) 7 (70)

Vitamin D sufficient 
levels (%)

10 (40) 5 (50) 9 (47.4) 3 (30)
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useful since as many patients without vitamin D deficiency devel-
oped myalgias as did those with deficiency. However, our study sug-
gests that at the latitude of northern California (37.441N), vitamin 
D deficiency is common, so that screening for vitamin D status is 
advisable on that basis alone. The decision to screen should be made 
individually based on geography and other risk factors for vitamin 
D deficiency, as well as the concomitant use of a drug that impairs 
statin metabolism. Screening for SLCO1B1 polymorphisms prior 
to initiating statin therapy would be expensive in today’s market-
place and probably not clinically helpful since the need for statins 
is greater than the potential increased risk of myalgias in patients 
with C alleles. However, for patients who develop myalgias on statin 
therapy, we strongly recommend assaying 25(OH)D levels and 
treating any patient with vitamin D deficiency before rechallenging 
with statins. For those patients who require a second muscle sensi-
tizing drug it may be wise to check vitamin D status and correct any 
deficiency found prior to initiating the second drug.

Statin therapy itself is associated with higher blood levels of 
25(OH)D and 1,25(OH)D,31,32 although not in all studies,33 and 
this may contribute in a small way to the cardioprotective effects of 
statin therapy.34 In a small drug interaction study, vitamin D sup-
plementation lowered LDL cholesterol despite lowering blood levels 
of the statin.33 Vitamin D deficiency has recently been associated 
with increased risk of cardiovascular disease,34-36 although there is 
inconclusive trial data to know whether vitamin D supplementation 
reduces cardiovascular risk.37-41

Our study grew out of clinical experience of patients with statin-
associated myalgias that were able to tolerate statin rechallenge 
after correction of vitamin D deficiency. Among its strengths are 
the assessment of SLCO1B1*5 polymorphisms together with vita-
min D status in patients with and without myalgias evaluated by 
the same clinician. Weaknesses of our study include its retrospec-
tive nature, the non-random selection of participants, the lack of 
a comparison arm with randomized treatment allocation and the 
relatively small number of patients. The data appear to indicate that 
patients with statin-associated myalgias are as likely to be vitamin 
D sufficient as deficient, although we suspect that vitamin D defi-
ciency is a risk factor for myalgias as has been shown in some20,21 but 
not all other studies.22

In conclusion, we have observed that patients with statin-asso-
ciated myalgias and vitamin D deficiency are able to tolerate statin 
therapy when vitamin D deficiency is corrected. We also found that 
vitamin D deficiency does not determine severity of symptoms. The 
SLCO1B1*5 (521T>C) “C” allele does appear to increase myalgia 
risk, but not differentially between those sufficient and insufficient 
in vitamin D. A larger study is needed to confirm these relation-
ships. In particular, as vitamin D is a fairly simple and safe therapy 
for the reduction of myalgia symptoms and could allow patients to 
continue comfortably with their statin therapy, it is crucial that our 
finding regarding vitamin D repletion be replicated in a random-
ized placebo-controlled clinical trial.

Materials and Methods

Study design. Two related groups of patients were used to 
address our questions; the first group was a subset of the second.  

patients, 71% of those with a “C” variant had myalgias versus 
50% of those with the TT genotype. As the increase in myal-
gia risk of having a “C” allele was not found to differ signifi-
cantly by vitamin D status (p = 0.60), the point estimates suggest 
the possibility that the TT genotype can protect patients from 
developing myalgias and that the “C” allele can sensitize even 
vitamin D sufficient patients to develop myalgias. Other factors 
also clearly play a role, including possibly other polymorphisms 
in the SLCO1B1 gene and polymorphisms that affect enzymatic 
metabolism of statins.29,30 This relationship will require confir-
mation in a larger study.

Fourth, to explain the ability of vitamin D to protect against 
statin-induced muscle symptoms, we considered the possibility 
that calcitriol might regulate the expression of the SLCO1B1 gene. 
We tested this possibility both in mouse liver in vivo and cultured 
human liver cells. In the in vivo experiments, mice treated with high 
doses of calcitriol for 4 weeks showed no change in SLCO1B1 gene 
expression whereas CYP24, a known calcitriol target gene, was dra-
matically induced. In in vitro studies using cultured Huh6 human 
liver cells treated with high dose calcitriol for 24 hours, similarly 
no stimulation of SLCO1B1 expression was seen (Table 3). Thus 
both in cultured human liver cells and intact mice calcitriol did not 
regulate hepatic SLCO1B1 gene expression.

The SLCO1B1*5 genotype causes a loss of statin transporter 
function into the liver, thereby increasing the risk of muscle symp-
toms by exposing muscle to increased circulating levels of statins.25 
This phenomenon is well known to occur in patients treated with 
several drugs that interfere with the metabolism of the statins.25,26 In 
the 39 of our patients who had myalgias, 9 had been on one of four 
of these sensitizing drugs (Table 1) and 5 of the 9 patients were then 
able to tolerate the same drug in combination with statin therapy 
after vitamin D deficiency had been corrected. Genotype data were 
available in only 2 of these 9 patients, both of whom were symp-
tomatic TT homozygotes who were able to tolerate fenofibrate and 
statin therapy together after vitamin D deficiency was corrected. 
Four of the 9 patients on sensitizing drugs were in the group that 
was not rechallenged with statin therapy.

Vitamin D has known physiologic functions in muscle and 
vitamin D deficiency causes myalgias and muscle weakness.10,16-18 
Vitamin D signals muscle by way of a nuclear vitamin D recep-
tor10,14 that mediates genomic effects and a cell membrane receptor 
that promotes non-genomic effects.15 These pathways influence the 
differentiation and proliferation of muscle cells and muscular con-
tractility. Whether vitamin D deficiency and statins damage muscle 
by similar or different mechanisms is unknown. Clinically, some 
patients at increased risk of statin-associated myalgias are also more 
likely to be deficient in vitamin D, including the elderly and those 
with renal failure or obstructive liver disease. In our study, the 15 
patients who were able to tolerate statin therapy after correction of 
their vitamin D deficiency had the same mean age as the entire 
study cohort and none had significant kidney or liver disease.

The fifth area for discussion is the frequency of vitamin D 
deficiency even in sunny latitudes. Although our study is small, 
a number of larger studies have shown that vitamin D deficiency 
is common, even in a sunny regions.7-11 Screening for vitamin D 
deficiency to predict who will develop myalgias is not likely to be 
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from Milan Uskokovich, BioXell Co., Nutley, NJ) for 24 hours 
to compare baseline with hormone treated responses. For in vivo 
studies, mice were treated with calcitriol (25 ng/mouse) or vehi-
cle every other day for 4 weeks and livers harvested 14 h after the 
last injection. Total RNA was prepared from the cells or from the 
mouse liver using RNeasy Plus Mini Kit (Qiagen, Valencia, CA) 
according to the manufacturer’s instructions. Reverse transcrip-
tion and real-time PCR analyses were performed as described pre-
viously.43 The SLCO1B1*5 primers were designed (sense: 5'-TAA 
GGC TAA CAT CTT ATT GGG AGT C-3'; antisense: 5'-CAC 
AGC AGT AAA ACA TGA GAA TTT G-3') and synthesized 
based on its cDNA sequence. The vitamin D-24-hydroxylase 
gene (CYP24) was used as a positive control for calcitriol regula-
tion. Detailed methods for these experiments are as previously 
described.44

Statistics. Two primary hypotheses were examined. The 
first was whether the proportion among those treated with vita-
min D who were successfully rechallenged on statin therapy 
exceeded the proportion expected. The second was whether the 
SLCO1B1*5 genotype modified the relation between vitamin 
D status and mylagia risk. These hypotheses were tested at the 
0.05 level of significance. A one-sided binomial test was used to 
test the first hypothesis and utilized an intent-to-treat approach. 
Logistic regression techniques were used to examine the second 
hypothesis. More specifically, we fit the following logistic regres-
sion model:

logit(p) = β
0
 + β

1
Callele + β

2
Ddeficient + β

3
Callele* Ddeficient,

where p = the probability of having myalgia symptoms, Callele is 
an indicator for whether a patient has at least one C allele corre-
sponding to the SLCO1B1*5 genotype and Ddeficient is an indi-
cator for being vitamin D deficient. A test that β

3
 is significantly 

different from 0 corresponds to testing whether the increase in 
myalgia risk for those with at least one C allele versus no C alleles 
differs by vitamin D deficiency status. Additional statistical tools 
were used for descriptive purposes. Logistic regression was used 
to evaluate the impact of genotype on myalgia risk and the impact 
of genotype on vitamin D deficiency. T tests, Chi-squared tests 
and ANOVA techniques were also used to describe relationships 
especially for the purpose of comparing features between those 
missing and not missing genotype data. Results from analyses 
that were not of primary interest were considered descriptive and 
hypothesis generating and were mainly intended to describe our 
study sample and its generalizability. All analyses were performed 
using the statistical software R (cran.r-project.org/).
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The first group was a sample of 21 patients seen in the endo-
crinology practice (located within a large multispecialty medical 
group) of the first author and was the basis of our findings for the 
relation between vitamin D repletion and myalgias. More spe-
cifically, this first group consisted of a subset of the first author’s 
patients: those who were statin-treated, developed myalgias post 
statin-treatment, proved to be vitamin D deficient and were sub-
sequently treated with vitamin D. Motivated by the empirical 
observation that repletion seemed to be associated with tolerance 
to statin therapy, we expanded this sample in order to study the 
role of the SLCO1B1*5 genotype.

The second sample was derived after obtaining approval 
from both the Palo Alto Medical Foundation and the Stanford 
University Human Institutional Review Boards. By searching the 
electronic medical record database, 64 patients who were taking 
statins and had a 25(OH)D level measured for any reason, were 
identified, including the first group of 21. The patients were con-
tacted and 46 agreed to genetic testing of the SLCO1B1 gene. 
At the time of blood sampling, the patients were given a brief 
questionnaire that was designed to confirm clinical information 
from their medical records. Myalgias were defined as muscular 
pain or weakness as reported by the patients, who graded their 
symptoms as mild, moderate or severe. 25(OH)D levels were 
measured at the Quest Diagnostics Incorporated lab using a 
liquid chromatography-tandem mass spectrometry assay, which 
has a lower limit of detection of 4 ng/mL. Parathyroid hormone 
levels were unavailable in most of the patients. Patients found to 
be vitamin D insufficient (20–29 ng/mL) or deficient (<20 ng/
mL)42 were considered collectively to be “vitamin D deficient” 
for our analysis, although a repeat analysis using <20 ng/mL as 
the cut point yielded similar results. Vitamin D deficient patients 
were treated either with one or two 1,000 IU capsules daily of 
cholecalciferol (vitamin D

3
) purchased over the counter or with a 

prescription for 50,000 IU of vitamin D
2
 taken weekly, depend-

ing on the degree of vitamin D deficiency. The patients were not 
paid for their participation.

SLCO1B1 genotyping. The genotyping of the SLCO1B1 gene 
at the rs4149056 SNP (521T > C or SLCO1B1*5) was performed 
using PCR and DNA sequencing. DNA was extracted from the 
whole blood using the QIAamp DNA Blood Mini Kit from 
Qiagen (Valencia, CA) according to the manufacturer’s instruc-
tions. PCR was performed using the DNA Engine (MJ Research, 
Foster City, CA). The PCR reaction was set up using the primers 
(5'-TGA GGA ACT ATG AGT CCA TTA GAC C-3', sense, in 
intron 5; 5'-TGT AAG AAA GCC CCA ATG G-3', antisense, 
in exon 6). The PCR products were purified with the QIAquick 
PCR Purification Kit (Qiagen). The purified PCR products 
were sequenced using the primer (5'-GAGT/TTACAAGTAGT/
TAAAT/TTGT-3', sense, in intron 5), which was confirmed by 
sequencing with the antisense PCR primer. The sequencing was 
carried out in the Protein and Nucleic Acid Facility at Stanford 
University School of Medicine.

Calcitriol induction of SLCO1B1 expression, isolation of 
RNA and quantitative real-time reverse transcription-PCR. 
Cultured human Huh6 liver cells were treated with vehicle 
(0.01% ethanol in buffer) or 100 nM calcitriol (a generous gift 
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