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The physiological ligand for the vitamin D receptor (VDR) is
1,25-dihydroxyvitamin D3. Lithocholic acid (LCA), a bile acid impli-
cated in the progression of colon cancer, was recently shown to
bind to VDR with low affinity and increase expression of the
xenobiotic enzymes of the CYP3A family. Thus, LCA can induce its
own catabolism through the VDR. We have now found that LCA
can substitute for vitamin D in the elevation of serum calcium in
vitamin D-deficient rats. Further, LCA in the diet will also replace
vitamin D in the mobilization of calcium from bone. Further, LCA
induces CYP24-hydroxylase mRNA gene expression in the kidney of
vitamin D-deficient rats. It is clear, therefore, that LCA can be
absorbed into the circulation to bind to the VDR at extra-intestinal
sites. These findings lend support for the idea that the VDR may
have evolved from an original role in detoxification.

24-hydroxylase � calcium � vitamin D receptor

The principal function of the hormonal form of vitamin D is
the maintenance of calcium and phosphate homeostasis.

These actions occur through the vitamin D receptor (VDR) by
influencing target gene expression (1). Other roles for the
vitamin D hormone have been discovered in cell proliferation
and differentiation, keratinocyte function, osteoclastogenesis,
and the immune system (1) and in inducing genes directed to
metabolism of xenobiotics (2–4). In the intestine, anaerobic
bacteria metabolize cholic and chenodeoxycholic acids into
deoxycholic acid and lithocholic acid (LCA), respectively. A
high-fat diet is associated with an increase in fecal bile acids, the
most toxic of which is LCA. At high concentrations, LCA is
poorly absorbed in the intestine and passes into the colon where
it accumulates. Evidence from animal and human trials support
an important role of fecal bile acids in carcinogenesis (3, 5–7),
and LCA is doubled in feces of colorectal cancer patients (8).

An important discovery revealed that the bile acid LCA can
serve as a ligand for VDR in intestine to induce not only
CYP3A11 genes but also the vitamin D-induced calbindin D9k
gene (2), raising the question of whether LCA could substitute
for vitamin D in other functions. We can now clearly show that
LCA in the diet can, indeed, substitute for vitamin D in one of
its essential functions, i.e., the elevation of serum calcium.
Further, it can induce the osteoclastic-mediated mobilization of
bone calcium and induce CYP24 in kidney.

Results
LCA Increases Serum Calcium in Vitamin D-Deficient Rats. As shown
in Fig. 1A, serum calcium levels of vitamin D-deficient rats are
increased by administration of 4 g/kg body weight (BW) LCA
given in the diet. The same is not observed for vitamin D-
sufficient rats where control rats have a basal level of serum
calcium that is not further increased by LCA. Interestingly, F344
rats fed a normal diet had higher circulating levels of calcium
(�12 mg/dl) compared with SD/Harlan rats whose levels are
generally �10 mg/dl (9, 10) when fed the 0.47% calcium diet. Fig.
1B shows that serum calcium is elevated in a dose-dependent
manner, and a significant increase in serum calcium is observed
at a dietary LCA level as low as 0.1 g/kg BW.

Effect of LCA on Genes Involved in Calcium Absorption. Consistent
with the serum calcium data, dietary LCA increases the expres-
sion of TRPV6, calbindin D9k, and Ca2�ATPase mRNA in the
intestine, although at 0.4 g/kg BW LCA, which causes a signif-
icant increase in serum calcium, none of the calcium transport
mRNAs was significantly increased (Fig. 2).

LCA Stimulates 24-Hydroxylase Expression in Intestine and Kidney.
The effect of LCA on the activation of the 24-hydroxylase
(CYP24) gene was studied in intestine and kidney. LCA up-
regulates intestinal CYP24 mRNA in both vitamin D-deficient
and vitamin D-sufficient rats (Fig. 3A). In kidney, we observed
a significant up-regulation of CYP24 only in vitamin D-deficient
rats (Fig. 3B).

LCA Acts on Bone to Mobilize Calcium. Because LCA in the diet
produced a measurable response in kidney, we determined the
effect of LCA on calcium mobilization from bone. Vitamin D-
deficient rats fed diets containing 0.02% calcium had increased
levels of serum calcium in response to LCA. Under these circum-
stances, the source of calcium in blood is from bone, thus demon-
strating that LCA is able to act on bone resulting in the mobilization
of calcium (Fig. 4). However, it should be noted that LCA is �4,000
times less potent than 1,25-(OH)2D3 in this activity.

Discussion
The surprising finding that LCA can serve as a low-affinity ligand
for VDR led to the suggestion that VDR could serve as a bile
acid sensor and could induce the catabolic enzyme CYP3A11
(2). This group also found that LCA activates the calbindin D9k
gene. Our results build on that work (2) and show that LCA can
substitute for vitamin D in its classical functions, i.e., elevation
of serum calcium originating from intestinal absorption and bone
mobilization. As little as 0.1 g/kg or �30 �g per day can raise
serum calcium in a vitamin D-deficient rat. LCA is poorly
absorbed so it is likely that �10 �g per day is absorbed. From
these calculations, it would appear that LCA has in vivo activity
of �1/1,000 that of 1,25-(OH)2D3. In terms of calcium regula-
tion, therefore, it seems LCA physiologically does not play a
significant role. This view is further supported by the fact that at
very high levels LCA does not affect serum calcium of vitamin
D-sufficient rats, presumably because of the presence of the
much more potent 1,25-(OH)2D3 ligand competing with the low-
affinity LCA. By the same reasoning, it seems unlikely, at the
present stage of evolution, that VDR serves as a bile acid sensor,
because in the presence of sufficient quantities of 1,25-(OH)2D3
available under normal circumstances LCA would be unable to
activate the CYP3A11 through VDR.
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The target gene most responsive to 1,25-(OH)2D3 is the
CYP24 (11–13). It is of considerable interest that even in the
kidney LCA is able to induce this gene in vitamin D-deficient
rats, where the gene is largely silent under circumstances of
vitamin D deficiency (13). It also shows that significant amounts
of LCA must have been absorbed to reach the kidney. Again, in
vitamin D-sufficient animals, no stimulation of CYP24 by LCA
was seen in kidney. The amount of LCA reaching the kidney was
probably unable to compete with the highly potent endogenous
1,25-(OH)2D3. In the intestine, higher levels of LCA were likely
achieved to produce marginal stimulation. Similarly, significant
amounts of LCA must have reached osteoblasts to activate
RANKL that, in turn, activates both osteoclastogenesis and
osteoclasts themselves to mobilize bone (14).

Because of the rise in serum calcium as a result of LCA’s
action, it is not surprising that TRPV6 and ATPase genes are
activated by LCA. That these genes are activated confirms that
high-dose LCA can substitute for vitamin D in the vitamin
D-deficient animal.

Perhaps the most important finding is that LCA can act as a
vitamin D substitute. This finding argues strongly that VDR may,
indeed, have originally played a significant role in a detoxifying
system inducing cytochrome P450 (CYP) enzymes that inacti-
vate xenobiotics. Evolutionarily, it later acquired its now obvious
calcium and phosphorus homeostasis roles. Because VDR still
retains the ability to up-regulate the CYPs and other biotrans-
formation systems (4), this role may well contribute significantly
to human health, as, for example, the reported finding that
vitamin D reduces the risk of colon and other cancers.

Materials and Methods
Materials. 1,25(OH)2D3 was purchased from SAFC (Madison, WI),
and LCA was purchased from Sigma (St. Louis, MO).

Animals. Four- to 5-week-old male F344 rats were obtained
from Harlan (Indianapolis, IN) and housed in overhanging

Fig. 1. Serum calcium response of vitamin D-deficient rats to LCA. (A)
Comparison between vitamin D-deficient (n � 10) and vitamin D-sufficient
F344 rats (n � 7) fed a 0.47% calcium-purified diet with or without 4 g/kg LCA
for 2 weeks. The data are expressed as mean � SEM. Significantly different
from vehicle-treated rats, **, P � 0.001. (B) Serum calcium response of vita-
min-D deficient male rats on the 0.47% vitamin D-deficient diet given no LCA
(n � 11), 0.1 g/kg (n � 9), 0.2 g/kg (n � 8), 0.4 g/kg (n � 11), 1 g/kg (n � 3), 2
g/kg (n � 3), or 4 g/kg (n � 3) LCA for 2 weeks. The values represent the mean �
SEM. The differences between vehicle and LCA-treated rats were significant at

*, P � 0.05 or ***, P � 0.01.

Fig. 2. The effect of LCA on the mRNA levels of intestinal calcium absorption-
associated genes. Male vitamin D-deficient rats were fed the 0.47% calcium-
purified diet providing 0.4, 1, 2, or 4 g/kg LCA per day (n � 3) for 2 weeks.
Quantitative PCR was performed on RNA from duodenal mucosa. (A) TRPV6
mRNA. (B) Calbindin D9k mRNA. (C) ATPase mRNA. The difference between
vehicle and the treatment groups was significant at *, P � 0.05; **, P � 0.01.
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wire cages in a vivarium under incandescent lighting. The rats
were fed a purified vitamin D-deficient diet (9) supplemented
with vitamins A, E, and K as described (9). To obtain vitamin
D-deficient rats, the animals were fed a 0.47% calcium diet ad
libitum for 1 week, followed by 3 weeks of a 0.02% calcium diet.
The cycle was then repeated by feeding a 0.47% calcium diet
for 1 week, followed by 2 weeks of a 0.02% calcium diet. For
the final week, the rats were fed a 0.47% calcium diet. Vitamin
D deficiency was confirmed by serum calcium analysis. All
vitamin D-sufficient animals were kept on a purified diet
containing 0.47% calcium supplemented with vitamins A, E,
D, and K as described (9).

After the 8-week regimen, the rats were fed the purified diet
with normal calcium levels (0.47%) containing various levels of
LCA per kg BW. After 2 weeks, the animals were weighed and
killed by CO2 asphyxiation, and blood was immediately collected
via heart puncture. Kidneys and duodenum were collected for
further analysis. All of the procedures described were reviewed
and approved by the University of Wisconsin Research Animal
Resources Center Committee Review Board.

Serum Calcium Analysis. Serum calcium was measured in 0.1%
lanthanum chloride with an atomic absorption spectrometer
(model 3110; PerkinElmer, Wellesley, MA). All test values were
compared with those of reference standards measured on the
same day.

RNA Isolation, Reverse Transcription, and Quantitative PCR. RNA was
isolated from rat duodenum by using TRI Reagent (Molecular
Research Center, Cincinnati, OH). Five micrograms of total RNA
was transcribed at 42°C by using random hexamers and avian
myeloblastosis virus reverse transcriptase according to the manu-
facturer’s protocol (Promega, Madison, WI). After reverse tran-
scription, samples were diluted 8-fold with water to 200 �l final
volume and heated to 90°C for 5 min. Real-time PCR was per-
formed with the LightCycler FastStart DNA Master SYBR Green
l kit (Roche, Indianapolis, IN) with 5 �l of the reverse-transcribed
material per reaction on a LightCycler 2.0 Instrument (Roche). For
quantitation, serial dilutions of plasmid DNA containing the genes
of interest were used as standards.

The amplification primers and conditions used were as follows:
(i) rat CYP24 (909–1177), 5�-GCA TGG ATG AGC TGT GCG
A-3� and 5�-AAT GGT GTC CCA AGC CAG C-3�, denaturing at
95°C for 5 s, annealing at 63°C for 5 s, and elongating at 72°C for
12 s; and (ii) rat GAPDH, 5�-TGA AGG TCG GTG TGA ACG
GAT TTG GC-3� and 5�-CAT GTA GGC CAT GAG GTC CAC
CAC-3�, denaturing at 95°C for 15 s, annealing at 58°C for 5 s, and
elongating at 72°C for 38 s. All PCRs were preceded by an initial
10-min denaturation step at 95°C.

Bone Calcium Mobilization. Four- to 5-week-old male F344 rats were
made vitamin D-deficient as described above with an exception. In
the fifth day of the last 0.02% diet change, animals were fed a
purified diet containing either vehicle, 4 g/kg BW LCA, or 1 �g/kg
1,25(OH)2D3 for 7 days. Blood was collected from the tail after 4
days, and serum calcium levels were determined. Rats were killed
after 7 days, and blood was collected for a final serum calcium
measurement.

Statistics. Values are shown as mean � SEM. The unpaired
two-group Student’s t test was performed to assess significant
differences (P � 0.05).

This work was supported in part by the Wisconsin Alumni Research
Foundation.

Fig. 3. The effect of LCA on CYP24 (24-hydroxylase) mRNA in the duodenum
and kidney of vitamin D-deficient and vitamin D-sufficient rats. (A) Duodenum
(n � 8–11). (B) Kidney (n � 8–11). The difference between vehicle and the
treatment groups was significant at ***, P � 0.001.

Fig. 4. LCA induces bone calcium mobilization in vivo. Serum calcium
response of vitamin D-deficient rats on a 0.02% calcium diet given either 4
g/kg BW LCA or 175 ng per day of 1,25-(OH)2D3. Each group contained at least
four animals, and the values represent the mean � SEM. The difference
between the vehicle and LCA was significant at *, P � 0.05 and **, P � 0.01.
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