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The active form of vitamin D, 1�,25-dihydroxyvitamin D3, is critical for the regulation of serum calcium

and phosphorus levels that in turn support bone mineralization and neuromuscular activity. It is well

known that vitamin D deficiency causes rachitic/osteomalacic myopathy and cardiac disorder and the

provisionofvitaminDcanreversethesymptoms.However,theunderlyingmechanismsremainunclear.

The question of whether the vitamin D receptor is found in muscle has been debated but not settled.

We recently studied all available antibodies against the vitamin D receptor and found that most

antibodies used detect proteins other than the vitamin D receptor, and therefore, the utility of these

antibodies may generate the false-positive results. Using antibodies that do not detect proteins in

tissues from vitamin D receptor null mice, we have developed a specific and sensitive immunohisto-

chemical assay. The results from this investigation show that the vitamin D receptor is undetectable in

skeletal, cardiac, and smooth muscle, suggesting that the function of vitamin D on muscle is either of

an indirect nature or does not involve the known receptor. (Endocrinology 152: 354–363, 2011)

Vitamin D3 can be obtained from the diet or generated

through photolysis of 7-dehydrocholesterol in the skin

by UV light (1–3). Vitamin D is then activated by two se-

quential hydroxylation reactions. The first of these, 25-hy-

droxylation, takes place largely in the liver to produce 25-

hydroxyvitamin D3 (2). This molecule circulates bound to

the vitamin D transport protein and is indicative of vitamin

D status. The second hydroxylation takes place predomi-

nantly in the kidney to generate 1�,25-dihydroxyvitamin D3

[1,25(OH)2D3]. The active metabolite, 1,25(OH)2D3, is a

calcium/phosphorus-regulating hormone, indispens-

able for calcium and phosphate homeostasis. This func-

tion provides for normal skeletal mineralization and

neuromuscular activity.

1,25(OH)2D3 acts by binding to the vitamin D receptor

(VDR). VDR is a transcriptional factor that regulates gene

expression in a ligand-dependent manner (2). It is classi-

fied as a member of the steroid hormone receptor super-

family (4). The human VDR gene located on chromosome

12q is composed of two promoters and regulatory regions

(exons 1a-1f). The coding sequence found in exons 2–9

specifies the full-length VDR protein (5). The VDR con-

tains several structurally and functionally important do-

mains, including a nuclear localization signal, a hormone

ligand-binding region, a DNA-binding sequence, a dimer-

ization region, an activation function 2, and transactiva-

tion domains (6). 1,25(OH)2D3 is the physiological ligand

for VDR in the nucleus of target cells and controls the

transcription of target genes in a positive or negative fash-

ion (5). VDR activation results in a stimulation of calcium

absorption in intestine, calcium reabsorption in kidney,

and calcium mobilization from bone (2). Interestingly, the

activation of VDR can also control proliferation, differ-

entiation, and survival of various cell lineages in vitro (7,

8), although the physiological relevance of these phenom-

ena is not fully known.

There are three muscle types: skeletal, cardiac, and

smooth. Their function is to produce force and cause mo-

tion. Muscles can cause either locomotion of the organism

itself or movement of internal organs. Cardiac and smooth

muscle contraction is controlledby theautonomicnervous

system and is necessary for survival. Examples are heart

contraction and intestinal peristalsis. Voluntary contrac-

tion of the skeletal muscles results in the movement of

body parts and the organism as a whole. Impaired vitamin

D actions, including vitamin D deficiency, genetic defects
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in the vitamin D-activating enzyme, 25-hydroxyvitamin

D3 1�-hydroxylase, or in the VDR lead to rickets or os-

teomalacia characterized by hypocalcemia, hypophos-

phatemia, secondary hyperparathyroidism, and bone ab-

normalities due to mineralizing defects (9–12). Clinical

evidence suggests that vitamin D plays a role in muscle

metabolism and function (13–15). Progressive weakness

and wasting of skeletal muscle have been demonstrated in

patients with rickets or osteomalacia (16, 17). Plasma 25-

hydroxyvitamin D3 levels have been positively correlated

with muscle power, force, velocity, and jumping height

(13). Vitamin D supplementation is believed to improve

muscle function and reduce falls in vitamin D-deficient,

older adults (15). However, the mechanism of rachitic/

osteomalacic myopathy is not fully understood, and it is

currently unclear whether muscle abnormalities in those

patients are a direct consequence of impaired vitamin D

actions in muscle or a result of secondary systemic changes

such as hypocalcemia, hypophosphatemia, and elevated

PTHlevels in thecirculation.Alossofmuscle strengthoccurs

in vitamin D-deficient rats and clearly results from hy-

pophosphatemia and not from an absence of vitamin D (18).

Recent epidemiological studies have shown that vita-

min D deficiency is associated with death from heart fail-

ure and sudden cardiac death (14). In animal studies,

vitamin D deficiency in Sprague Dawley rats has been re-

ported to cause hypertension and cardiac hypertrophy

(19). Treatment of Dahl salt-sensitive rats with the vitamin

D analog, 19-nor-1,25-dihydroxyvitamin D2, reverses cardiac

hypertrophy in that model (20). In addition, the VDR

knockout (KO) mouse displays hypertension, cardiac hy-

pertrophy with enlargement of individual myocytes, and

elevations in atrial natriuretic peptide expression (21, 22).

1�-Hydroxylase null mutant mice also show cardiac hy-

pertrophy (23).

Thus, there is mounting evidence that vitamin D is in-

volved in cardiac, skeletal, and perhaps smooth muscle

function. Of major importance is the underlying mecha-

nism. If vitamin D acts directly on muscle, VDR must be

present. Before the availability of antibodies to the recep-

tor, Stumpf et al. (24) studied by autoradiography the

location of 1,25(OH)2[3H]D3 in the nuclei of target tis-

sues. This approach failed to show such localization in

muscle (25–28) but showed strong localization in targets

such as intestinal enterocytes, osteoblasts, parathyroid

cells, and distal renal tubules. Consistent with this is the

failure to detect mRNA encoding VDR in heart and liver

(29). Immunoassays on Western blot also did not support

a finding of VDR in mature skeletal and heart muscle (30).

On the other hand, reports have appeared that VDR

can be found in skeletal muscle cells, myoblasts, cardio-

myocytes, and smooth muscle cells (19, 31). Low levels of

VDR have also been reported in rat and mouse heart tis-

sues on the basis of immunoblotting using chick mono-

clonal antibody 9A7 or rabbit polyclonal antibody C-20

(32–34). The first in situ detection of VDR in human skel-

etal muscle tissue by immunohistochemistry, again using

VDR antibody 9A7 was reported by Bischoff et al. (35).

However, the 9A7 and C-20 react with proteins on West-

ern blot not related to VDR. Furthermore, these antibod-

ies detect proteins in extracts prepared from VDR null

mice (36) that have no VDR (37).

Toaddress the critical issueofwhether theVDRispresent

in mature muscle tissue in vivo, we determined the VDR in

mouse, rat, and human muscle tissues including skeletal, car-

diac,andsmoothmusclewithanantibodythatdoesnotreact

with tissue prepared from the Demay VDR KO mice. Our

results show that the VDR is not detected in smooth muscle,

heart muscle, or skeletal muscle.

Materials and Methods

Antibodies against VDR
The rat monoclonal monoclonal antibody 9A7 antibody was

purchased from Affinity BioReagents (Rockford, IL). Mouse
monoclonal antibody D-6 was purchased from Santa Cruz Bio-
technology (Santa Cruz, CA). The mouse anti-�-smooth muscle
actin (�-SMA) monoclonal antibody was purchased from Sigma
(St. Louis, MO). The horseradish peroxidase (HRP)-conjugated
goat antimouse IgG light-chain secondary antibody was from
Jackson ImmunoResearch Laboratories (West Grove, PA); Al-
exa fluor 594 goat antimouse or antirat IgG secondary antibod-
ies were from Invitrogen (Carlsbad, CA).

Animals and maintenance
Six- to 7-wk-old C57BL/6 mice were used for our experi-

ments. The Demay VDR KO mice and C57BL/6 littermates were
purchased from Jackson Laboratory (36). After arrival in our
facility, animals were maintained on chow diet for 72 h. Blood
samples were collected for the measurement of serum calcium
concentrations. Animals were euthanized with CO2. Once the
death was confirmed, the perfusion was immediately applied to
reduce the blood contamination. Thirty milliliters of cold saline
solution were injected into circulation through the left ventricle
and perfusate exited from the right atrium. Duodenum, colon,
kidney, liver, femoral skeletal muscle, heart, and aorta samples
were collected, and half of each organ was used for the fixation
and half for making tissue lysates. Both the wild-type (WT) and
KO mice from the same littermates with identical age were used
for each experiment.

Five 7-wk-old rats used in this study were male Wistar rats
obtained from Harlan (Indianapolis, IN). The purified diet was
used to mimic the dietary condition reported previously (18).
Fat-soluble vitamins A, D, E, and K were added to maintain
animals for the vitamin D sufficiency. Blood samples were col-
lected for the measurement of serum calcium concentrations.
Animals were euthanized with CO2. Duodenum, femoral skel-
etal muscle, and heart were collected and fixed for immunohis-
tochemical staining.
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1�-Hydroxylase KO (1��/�) mice (38) were generated
through breeding of heterozygous mice and identified by PCR.
The age-matched 1��/� and WT littermates were used for ex-
periments. After weaning, the 1��/� mice were fed a rescue diet
containing 2% calcium, 1.25% phosphorus, and 20% lactose
(Harlan Teklad, Madison, WI) for 3–4 wk (39). For 10 subse-
quent days, animals received either vehicle or 1,25(OH)2D3 at a
dose of 50 ng/kg body weight per day in the rescue diet. Blood
samples were collected for the measurement of serum calcium
concentration. Animals were euthanized with CO2 and perfu-
sion with normal saline was used to reduce the blood contami-
nation. Duodenum, kidney, femoral skeletal muscle, and heart
were collected, and half of each organ was used for the fixation
and half for making total RNA samples using Tri-Reagent
(Sigma). The WT mice from the same littermates with identical
age were fed a chow diet used as a normal control.

Experimental protocols were reviewed and approved by our
Research Animal Care and Use Committee (University of Wis-
consin, Madison).

Normal human tissue sections
Normal human heart left ventricle (HuFPT056) and skeletal

muscle (HuFPT075) serial tissue sections were purchased from
U.S. Biomax, Inc. (Rockville, MD). These tissues were collected
from a 21-yr-old female donor and were paraffin embedded by
the supplier.

Immunoblotting
Tissue lysates were prepared according to a published pro-

tocol (40) with several modifications. Tissues were washed,

sliced, and boiled immediately for 10 min
within lysis buffer containing 20 mM

HEPES (pH7.4), 1 mM EDTA, 4% so-
dium dodecyl sulfate, and a protease in-
hibitor cocktail (Roche, Indianapolis,
IN). Tissue samples were thoroughly ho-
mogenized by sonication. The homoge-
nate was boiled for an additional 5 min
and centrifuged for 15 min at 16,000 � g
in a table centrifuge. The supernatant was
transferred into a fresh tube, and the
small pellet containing no detectable
VDR was discarded (37). After measur-
ing the protein concentration of the
lysates, either 20 or 50 �g of protein sam-
ples was loaded onto a 4–20% SDS-
PAGE gel. Immunoblotting was performed
as described previously (37). The HRP sig-
nal was developed by incubation of the blot
with enhanced chemiluminescence solu-
tion (Amersham, Piscataway, NJ) and cap-
tured by x-ray film for increments of 1, 5,
and 40 min, depending on the intensity of
signal.

Immunohistochemical staining
Tissues from mice and rats were col-

lected and washed gently with PBS to re-
move contaminants. PBS was then re-
placed with 3.7% paraformaldehyde and
allowed to incubate on a rocker overnight
for tissue fixation. The detailed protocol

was performed as described as previously (37). Images were cap-
tured using a fluorescence microscope (Nikon inverted microscope
ECLIPSE TE2000-U; Nikon Instruments, Inc., Melville, NJ).

Quantitative RT-PCR
Transcription of VDR and CYP24A1 genes was assessed by

quantitative RT-PCR using the VDR and CYP24A1 TaqMan
gene expression assays (Applied Biosystems, Foster City, CA).
The amplification conditions for VDR, CYP24A1, and glycer-
aldehyde-3-phosphate dehydrogenase (GAPDH) were 50 C for
2 min, 95 C for 10 min, 45 cycles of 95 C for 15 sec, and 60 C for
60 sec on the StepOne real-time PCR system (Applied Biosystems).
Transcription of VDR and CYP24A1 genes was normalized to the
GAPDH and all samples were analyzed in triplicate.

Results

VDR is undetectable in skeletal muscle

As expected, strong VDR immunochemical staining

was seen in the rat duodenal tissue. The VDR signal was

selectively shown in the rat gut epithelial cells (Fig. 1A).

The muscle sections from five adult rats were also stained

using the same method. No VDR signal was seen in the

mature skeletal muscle (Fig. 1, C and D).

Immunoblotting confirmed that the VDR was not de-

tectable in the skeletal muscle tissue lysates from either

FIG. 1. VDR is undetectable in rat skeletal muscle by in situ immunohistochemical staining. The

skeletal muscle sections were stained with the VDR antibodies (red) and DAPI (blue). The images of

their colocalization are shown. A, D-6 staining in the sections of rat duodenum. The VDR signal (red)

was selectively and highly expressed in the gut epithelial cells. B, Mouse isotype IgG/DAPI

colocalization in the sections from rat skeletal muscle. C, D-6 antibody staining in the sections from

rat skeletal muscle. D, D-6/DAPI colocalization in the sections from rat skeletal muscle. The images

represent the identical results from five animals. Original magnification, �200.
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WT or Demay VDR mice. We used a long-time exposure

to detect even a weak signal, but no significant signal ap-

peared (Fig. 2). In contrast, the positive control, i.e. the

lysates from WT mouse intestinal tissue clearly showed a

VDR specific band. Because the band of the endogenous

IgG heavy chain on immunoblots is identical to the VDR,

weuseda special secondaryantibodymadeagainst the IgG

light chain to avoid potential interference. This experi-

mental setup eliminates effects of the endogenous IgG

heavy chain on immunoblotting. As expected, the anti-

mouse IgG secondary antibody control reacted only with

the endogenous IgG light chain on the blot but not with the

heavy chain (Fig. 2).

Immunohistochemistry of the skeletal muscle sections

using D-6 antibody showed that the VDR was absent in

either WT or Demay VDR KO mice (Fig. 3, A–D). The

isotype IgG control occasionally generated a signal at the

site of small vascular capillaries (not shown) but had no

significant staining in the muscle cells. Therefore, the en-

dogenous IgG did not interfere with the determination of

VDR in the target cells under the experimental conditions

(Fig. 3C). In contrast, the positive control, WT mouse

kidney sections, clearly showed a VDR-specific signal in

either the distal tubule or proximal tubule (Fig. 3H). Ex-

pression of VDR in the renal proximal tubule is usually

very low compared with the distal tubule (Fig. 3H).

The VDR has been detected in the nuclei of human

skeletal muscle cells by immunohistochemistry using the

chick monoclonal VDR antibody 9A7 (35). We have dem-

FIG. 2. VDR is undetectable in mouse skeletal muscle by immuno-

blotting. Fifty micrograms of skeletal muscle tissue lysates from VDR KO

Demay (lanes 1–4) or WT (lane 5–8) mice and 20 �g duodenal tissue

lysate from the WT mouse were used for immunoblotting. The blots were

first incubated with VDR antibody D-6 and then with HRP-conjugated

goat antimouse IgG light chain secondary antibody (Anti-mIgG L). For the

blots used to evaluate nonspecific reactions of secondary antibodies with

tissue, the primary antibody was omitted. The HRP signal was developed

by incubation of the blot with enhanced chemiluminescence solution

(Amersham) and captured by x-ray film for a period of 40 min. The bands

of mouse VDR and endogeneous IgG light chain (Endo IgG L) were

indicated in Fig. 2. The blots were also reprobed with an antibody to

�-actin as a loading control.

FIG. 3. VDR is undetectable in mouse skeletal muscle by in situ

immunohistochemical staining. The skeletal muscle sections were

stained with the VDR antibodies (red) and DAPI (blue). The images of

their colocalization are shown. A, D-6/DAPI colocalization in the

sections from the WT mice. B, D-6/DAPI colocalization in the sections

from the Demay VDR KO mice. C, Mouse isotype IgG/DAPI

colocalization in the sections from the WT mice. D, DAPI staining of

the sections from the WT mice. E, 9A7/DAPI colocalization in the

sections from the WT mice. F, 9A7/DAPI colocalization in the sections

from the Demay VDR KO mice. G, Rat isotype IgG/DAPI colocalization

in the sections from the WT mice. H, D-6 staining in the sections of WT

mouse kidney. Distal convoluted tubule (arrow) of normal adult

kidneys highly expressed VDR (red) but proximal tubule (white arrow)

were positive for VDR expression. The images represent the identical

results from three animals. Original magnification, �200.
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onstrated that this antibody binds to VDR but also stains

with other non-VDR proteins in either mouse duodenum or

kidney (37). Using the 9A7 antibody, we found that it re-

acted with muscle from both the Demay VDR KO mice and

WT mice (Fig. 3, E and F). The rat isotype IgG control had

no significant staining, indicating that the immunosignal in

the Demay VDR KO and WT mice was contributed by the

primary antibody (Fig. 3G).

As seen in Fig. 4, C and F, D-6 and 9A7 antibodies both

stained the nuclei of mouse colon epithelial cells. How-

ever, the D-6 antibody failed to stain human skeletal mus-

cle tissue section (Fig. 4, A and B), whereas the 9A7 an-

tibody significantly stained the human skeletal muscle

sections (Fig. 4, D and E).

Failure to detect the VDR protein in the normal mature

skeletal muscle raised a question whether the VDR gene is

transcribed in this tissue. PCR analysis showed an ex-

tremely low level of VDR transcripts in the muscle tissue

compared with mouse duodenum (Table 1). The ratio of

the WT skeletal muscle to duodenum was 1.2:10,000,

when the VDR gene transcription was normalized by

GAPDH. Our pilot experiment showed that when the

same amounts of RNA samples from the skeletal muscle

and duodenum are used, the quantitative RT-PCR thresh-

old cycle values of GAPDH are comparable.

We next determined whether exogenous 1,25(OH)2D3

could enhance VDR gene transcripts in the muscle. 1�-

Hydroxylase knockout (1��/�) mice were chosen to do

the experiment. These animals are unable to produce

1,25(OH)2D3 and because serum calcium plays an impor-

tant role in the ligand-induced transcription of VDR gene,

the animals were fed the rescue diet. 1,25(OH)2D3 treat-

ment increased the serum calcium and the VDR gene tran-

scription by 1.4- to 1.8-fold in mouse duodenum and kid-

ney (data not shown). However, VDR gene transcription

was still extremely low and there was no induction in the

muscle tissue (Table 1). As expected, we failed to detect the

receptor protein in either the vehicle or 1,25(OH)2D3-

treated muscle tissues (data not shown).

VDR is undetectable in cardiac muscle

A low level of VDR has been reported in heart using VDR

antibodies 9A7 or C-20 (19, 32–34, 41). In agreement with

these reports, the 9A7 antibody significantly stained the sec-

tions of human cardiac muscle tissue (Fig. 5, B and C). How-

ever, the D-6 antibody failed to reveal VDR in the human

left ventricle (Fig. 5A). Because the 9A7 and C-20 antibodies

have been shown to interact with proteins other than VDR,

we decided to evaluate VDR expression in mouse cardiac

muscle tissue using a highly specific and sensitive VDR

antibody.

In situ immunohistochemistry of the cardiac muscle

sections using the D-6 antibody showed that the VDR was

absent in eitherWTorDemay VDR KOmice (Fig. 5,D–F).

We examined both ventricles (left and right) and atriums

(left and right) for the expression of VDR. The represen-

tative results from the left ventricle are shown Fig. 5, D–F.

In contrast, the VDR signal was detected in the WT mouse

kidney sections (Fig. 3H). The mouse isotype IgG control

showed light staining in the small vascular capillaries but

did not in the muscle cells. Therefore, the endogenous IgG

did not interfere with the evaluation of VDR signal in the

muscle cells under our experimental conditions (Fig. 5F).

Furthermore, extremely low levels of VDR transcript

could be found by PCR analysis (Table 1). In addition,

ligand-mediated induction of VDR gene transcription was

not found (Table 1). Although the transcription in the

cardiac muscle seemed slightly higher than that in the skel-

FIG. 4. VDR is undetectable in human skeletal muscle by in situ

immunohistochemical staining. The skeletal muscle sections were

stained with the VDR antibodies (red) and DAPI (blue). The images of

their colocalization are shown. A, Mouse isotype IgG/DAPI

colocalization in the human skeletal muscle. B, D-6/DAPI colocalization

in the human skeletal muscle. C, D-6/DAPI colocalization in the WT

mouse colon tissue sections. The receptor was selectively detected in

the nuclei of mouse colon epithelial cells (yellow arrow). The VDR was

undetectable in the lymphatic node (LN). D, Rat isotype IgG/DAPI

colocalization in the human skeletal muscle. E, 9A7/DAPI colocalization

in the human skeletal muscle. Immunosignals were denoted by white

arrow. F, 9A7/DAPI colocalization in the WT mouse colon tissue

sections. Immunosignals stained by the antibody 9A7 are visualized in

the colon epithelial cells (high, yellow arrow) and nonepithelial cells

(low, white arrow). The images represent the identical results from

three repetitive experiments. Original magnification, �200.
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etal muscle, no receptor could be detected in this tissue by

the in situ immunohistochemistry (data not shown).

VDR is undetectable in aorta smooth muscle and

endothelial cells

VDR could not be detected using the D-6 antibody by

immunocytochemistry of aortic smooth muscle cells and

vascular smooth muscle cells in either the WT or Demay

VDR KO mice. In this experiment, we stained the con-

secutive sections with either the antibody to �-SMA, a

marker for the smooth muscle cells, or the antibody to

VDR (D-6). The �-SMA staining helped locate the smooth

muscle tissue layer in the vascular vessels such as aorta. It

also aided in differentiating endothelial cells from the

smooth muscle tissue because the �-SMA is absent from

the endothelial cells. We observed that the level of �-SMA

in the aorta of Demay VDR KO mice was lower than that

in the WT mice (Fig. 6, A and C). The endothelial cells were

located in the apical end of the blood vessels, which lacked

the expression of �-SMA (Fig. 6A). Our immunohisto-

chemical staining showed that the VDR was not detected

in the vascular endothelial cells. In addition, we did not see

any VDR-positive staining in any vessels including major

vein and smaller blood vessels (Fig. 6, E and F). The IgG

control had no significant staining (not shown). In con-

trast, the positive control, WT mouse kidney sections,

clearly showed a VDR-specific signal in either the distal

tubule or proximal tubule (Fig. 2H).

VDR is undetectable in intestinal smooth muscle

Immunohistochemistry of the intestinal sections showed

that the VDR was present in the epithelial cells of mouse

duodenal tissue. The VDR immunosignal was colocalized

with the 4�,6�-diamino-2-phenylindole (DAPI) staining,

indicating a nuclear location of the VDR (Fig. 7B). In con-

trast, the VDR was absent from the smooth muscle cells of

intestinal muscularis externa (circular muscular layer and

longitudinal muscular layer) from either WT or Demay

VDR KO mice (Fig. 7, A–D). In this experiment, we

stained the consecutive sections with either the antibody to

�-SMA or the antibody to VDR (D-6). The �-SMA stain-

ing confirmed the location of the smooth muscle tissue

layer. The mouse isotype IgG control generated some

immunosignals, which were restricted to the sites of

either lymphatic tissues or small vascular capillaries.

In contrast to the D-6 antibody, the 9A7 antibody

stained both epithelium and smooth muscle tissue (Fig.

7F), whereas the rat isotype IgG control showed no sig-

nificant staining (Fig. 7E).

TABLE 1. Transcription of VDR gene in mouse skeletal muscle, cardiac muscle, and duodenum

Mouse strainsa Diet/treatments Tissues VDR/GAPDH Ratios

Wild type Chow Duodenum 6 � 10�2
� 1.8 � 10�2 10,000

Wild type Chow Skeletal muscle 7.0 � 10�6
� 1.5 � 10�6 1.2

1��/� Purified diet/vehicle Skeletal muscle 1.8 � 10�5
� 1.1 � 10�5 3

1��/� Purified diet/50 ng 1,25D3 Skeletal muscle 6.7 � 10�6
� 3.4 � 10�6 1.1

Wild type Chow Left ventricle 4.5 � 10�5
� 1.0 � 10�5 7.5

1��/� Purified diet/vehicle Left ventricle 7.8 � 10�5
� 1.4 � 10�5 13

1��/� Purified diet/50 ng 1,25D3 Left ventricle 5.0 � 10�5
� 6.6 � 10�6 8.4

a n � 4 mice.

FIG. 5. VDR is undetectable in human and mouse cardiac muscle by in

situ immunohistochemical staining. The cardiac muscle sections were

stained with the D-6 VDR antibody (red) and DAPI (blue). A, D-6/DAPI

colocalization in the human skeletal muscle. B, Rat isotype IgG/DAPI

colocalization in the human skeletal muscle. C, 9A7/DAPI colocalization in

the human skeletal muscle. The immunosignals were visualized when the

9A7 antibody was used. Please note that the mouse isotype IgG/DAPI

colocalization in the human skeletal muscle were identical to D-6/DAPI

colocalization (not shown). D, D-6/DAPI colocalization in the sections from

the WT mice. E, D-6/DAPI colocalization in the sections from the Demay

VDR KO mice. F, Mouse isotype IgG/DAPI colocalization in the sections

from the WT mice. The images represent the identical results from five

animals. Original amplification, �200.
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Discussion

There is adequate reason to believe that a consequence of

vitamin D deficiency is skeletal muscle weakness (13–15).

Furthermore, strong evidence is available that vitamin D

deficiency results in left ventricle hypertrophy and changes

in heart structure (23). Exactly how vitamin D is involved

in these functions is not understood.

Central to the issue of the role of vitamin D in skeletal,

heart, and smooth muscle is whether the VDR is expressed

in vivo in these tissues. Using physiological amounts of

1,25(OH)2[
3H]D3, Stumpf et al. (24) could find no nuclear lo-

calization or even the presence of 1,25(OH)2[
3H]D3 in skele-

tal, heart, and smooth muscle using autoradiography de-

spite clear nuclear localization in proven target organs.

With the availability of antibodies to the VDR came a rash

of conflicting observations. Little or no attention was paid

to the selectivity and sensitivity of the antibodies used. In

1985 Simpson et al. (31) reported a VDR-like protein in

rodent skeletal muscle cell lines in culture. Boland et al.

(42) reported VDR in monolayers of chick myoblasts,

whereas Costa et al. (43) reported similar findings in

cloned human skeletal muscle cells. These studies were

carried out on cultured cells and in vivo studies were not

reported.

FIG. 6. VDR is undetectable in mouse aorta smooth muscle by in situ

immunohistochemical staining. The aorta smooth muscle sections were

stained with either the mouse antibody to �-SMA (red) and DAPI (blue)

or mouse anti-VDR antibody D-6 (red) and DAPI (blue). The blood

vessels were located according to the �-SMA staining. Therefore, the

staining for the VDR and �-SMA was performed in serial sections. A,

�-SMA/DAPI colocalization in the sections from the WT mice. The

aorta is denoted by an arrowhead, whereas the big vein is denoted by

a yellow arrow. B, D-6/DAPI colocalization in the sections from the WT

mice. C, �-SMA/DAPI colocalization in the sections from the Demay

VDR KO mice. Please note that the expression of �-SMA in the Demay

mice was very low. D, D-6/DAPI colocalization in the sections from the

Demay VDR KO mice. E, �-SMA/DAPI colocalization in the sections

from the WT mice. The small blood vessel is denoted by an arrowhead.

F, D-6/DAPI colocalization in the sections from the WT mice. The

sections from the WT mice stained with the mouse isotype IgG had

no significant immunosignal in the targets (not shown). The images

represent the identical results from five animals. Original

magnification, �200.

FIG. 7. VDR is undetectable in intestinal smooth muscle by in situ

immunohistochemical staining. The intestinal smooth muscle sections

were stained with either the mouse antibody to �-SMA (red) and DAPI

(blue) or mouse anti-VDR antibody D-6 (red) and DAPI (blue). The

smooth muscle tissues were located according to the �-SMA staining.

A, SMA/DAPI colocalization in the sections from the WT mice. Smooth

muscle tissue layer was denoted by an arrow, whereas the staining

located in the interior of microvilli is denoted by a green arrow. Please

note that there are smooth muscle cells in the interior of microvilli as

well; therefore, some staining might be the endogenous IgG but some

might be the smooth muscle cells. B, D-6/DAPI colocalization in the

sections from the WT mice. The VDR-positive staining for the gut

epithelial cells is denoted by a broad arrow. C, �-SMA/DAPI

colocalization in the sections from the Demay VDR KO mice. D, D-6/

DAPI colocalization in the sections from the Demay VDR KO mice. E,

The sections from the WT mice stained with the rat isotype IgG had

no significant immunosignal. Smooth muscle layer is denoted by an

arrow. F, 9A7/DAPI colocalization in the sections from the WT mice.

The VDR-positive gut epithelial cells are denoted by an arrow. The

sections from the WT mice stained with the mouse isotype IgG

showed the endogenous IgG staining (not shown) identical to A.

The images represent the identical results from five animals.

Original magnification, �200.
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Using the monoclonal antibody 9A7 raised against

chick VDR, Bischoff et al. (35) reported in situ VDR in

human skeletal muscle. However, 9A7 on Western blot

binds not only VDR but other proteins as well (37). The

present investigation demonstrates that the protein det-

ected in the study by Bischoff et al. is likely not VDR. The

signal generated by 9A7 was equally evident in WT and the

Demay KO mice in which no VDR is produced (see Figs.

2 and 6) (37). The epitope of the monoclonal antibody

9A7, located in the second zinc finger of the VDR DNA

binding domain, is deleted in the Demay VDR KO mice

(36, 44, 45). Therefore, the observed staining with the 9A7

antibody in the Demay VDR KO mice cannot be attrib-

uted to VDR (Fig. 2, E and F).

In addition to the skeletal muscle, there has been a great

effort on elucidating the effect of 1,25(OH)2D3 on cardiac

muscle (41, 46, 47). In culture, it has been reported that

cardiomyocytes express VDR. Treatment of cultured car-

diomyocytes with 1,25(OH)2D3 leads to increased expres-

sion and nuclear localization of the VDR, increased ex-

pressionofmyotrophin, anddecreasedexpressionofatrial

natriuretic peptide, c-myc (33) and human B-type natri-

ureticpeptide (34).Thesepeptides areup-regulatedduring

hypertrophy. A recent study reported a low level of VDR

in heart tissue by immunoblotting using a rabbit poly-

clonal antibody to VDR (SC-1008) (34). These investiga-

tors also reported that myocyte hypertrophy either in vitro

or in vivo is associated with an increase in VDR mRNA

and VDR levels. They conclude that the vitamin D system

may act as an antihypertrophic system in cardiac muscle.

However, the C-20 antibody used in that study also binds

proteins in VDR KO mouse tissue (37).

In our present study, we used both immunoblotting and

in situ immunohistochemical staining using a highly spe-

cific and sensitive VDR antibody to determine whether

VDR is in mouse, rat, and human muscle tissues. Our

results demonstrate that VDR is undetectable in normal

mature skeletal, cardiac, and smooth muscle tissue. In con-

trast, the VDR is clearly detected in the renal proximal

tubule and distal tubule and intestinal epithelial cells un-

der the same experimental conditions. We previously dem-

onstrated that the average VDR expression in the renal

proximal tubules is 24-fold lower than in the distal tu-

bules. Some tubular epithelial cells have a 69-fold lower

level of VDR than does the distal tubule (Wang, Y., and

DeLuca, H.F., unpublished results). Therefore, determi-

nation of VDR in the mouse renal proximal tubules (Fig.

2H) demonstrated that our immunostaining assay pos-

sesses not only high specificity but also high sensitivity.

The failure to find VDR on immunohistochemical

staining with D-6 raised the question of whether a tightly

bound protein in muscle might prevent D-6 from inter-

acting with the VDR. However, Western analysis also

failed to show the presence of VDR in muscle. Because the

Western blots are under denaturing conditions, masking

of the VDR could not explain our results.

Extremely low levels of VDR transcripts in the cardiac

and skeletal muscle can be, at least in a part, an explana-

tion for our failure to detect the receptor. It is possible that

such low levels of VDR transcripts may not be translated

into the protein. As further support, the transcription of

CYP24A1, one of the most responsive VDR controlled

genes, is extremely low or undetectable in the mouse

cardiac and skeletal muscle, regardless the presence of

1,25(OH)2D3. In contrast, 1,25(OH)2D3 induces its tran-

scription by 10-fold in the duodenum and 5.8-fold in the

kidney (Wang, Y., and DeLuca, H.F., unpublished results).

Because skeletal muscle weakness of vitamin D defi-

ciency is rapidly corrected by vitamin D (18), our study

was directed to mature muscle response and whether it is

mediated by VDR. We could not detect VDR in skeletal

muscle by either Western blot or immunohistochemical

staining by the specific antibody D-6. This suggests that

the correction of mature muscle weakness by vitamin D

may be indirect. Clinically, patients with PTH excess (as in

hyperparathyroidism) share similar symptoms of muscle

weakness and fatigue (48), and biopsies demonstrate at-

rophy of type II muscle fibers as in vitamin D deficiency

(49). Low vitamin D levels stimulate PTH production and

PTH may either have direct effects on skeletal muscle or

may cause a lowering of plasma phosphate, giving rise to

phosphate deficiency in muscle. Studies in rats have dem-

onstrated that PTH induces muscle catabolism (50).

Cross-sectional clinical studies have shown an associa-

tion between lower vitamin D levels, plasma renin activity

(51), and blood pressure (52, 53). Studies in KO mice con-

firm that the absence of VDR activation leads to tonic up-

regulation of the renin-angiotensin system and increased

PTH, with the development of hypertension and left ventric-

ular hypertrophy (2, 22, 34, 54, 55). 1,25(OH)2D3 sup-

presses rennin and PTH (22, 54, 56). A strong inverse

correlation has been observed between circulating

1,25(OH)2D3 levels and plasma renin activity in patients

with essential hypertension (51). These accumulating results

suggest that the renin and PTH may be intermediate factors

in the 1,25(OH)2D3-mediated effects on muscle function.

Our findings of the absence of VDR in the mature mus-

cle tissue are not directed to the question of whether VDR

plays a role in the differentiation of the myocyte during

development. This separate question needs to be ad-

dressed with the D-6-specific antibody and will be the

subject of future investigations.

In summary, we used multiple immunoassays to detect

VDR in the mouse muscle tissues. Our results showed that
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VDR is not present in muscle tissue. Absence of VDR from

these tissues suggests that the effect of 1,25(OH)2D3 on

muscle function is most likely indirect.
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