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ABSTRACT
Background: 25-Hydroxycholecalciferol [25(OH)D] is the predominant circulating metabolite of vitamin D and serves

as the precursor for 1α,25-dihydroxycholecalciferol [1,25(OH)2D], the hormonally active form. The presence of 1α-

hydroxylase (1α-OHase) in the intestine suggests that 1,25(OH)2D can be produced from 25(OH)D, but the effects of

oral 25(OH)D on the intestine have not been determined.

Objectives: We investigated the acute intestinal response to orally consumed 25(OH)D in mice by assessing mRNA

induction of cytochrome p450 family 24 subfamily A member 1 (Cyp24), a vitamin D–dependent gene. The mechanism

of action then was determined through in vitro analyses with Caco2 and HT-29 cells.

Methods: Adult male C57BL6 mice were given a single oral dose of 40, 80, 200, or 400 ng 25(OH)D (n = 4 per dose)

or vehicle (n = 3), and then killed 4 h later to evaluate the duodenal expression of Cyp24 mRNA by qPCR and RNA in

situ hybridization. The 25(OH)D-mediated response was also evaluated with Caco2 and HT-29 cells by inhibition assay

and dose-response analysis. A cytochrome p450 family 27 subfamily B member 1 (CYP27B1) knockdown of HT-29 was

created to compare the dose-response parameters with wild-type HT-29 cells.

Results: Oral 25(OH)D induced expression of Cyp24 mRNA in the duodenum of mice with 80 ng 25(OH)D by 3.3 ± 0.8

��Ct compared with controls (P < 0.05). In vitro, both Caco2 and HT-29 cells responded to 25(OH)D treatment with

200-fold and 175-fold greater effective concentration at 50% maximal response than 1,25(OH)2D, yet inhibition of 1α-

OHase and knockdown of CYP27B1 had no effect on the responses.

Conclusions: In mice, orally consumed 25(OH)D elicits a vitamin D–mediated response in the duodenum. In vitro

assessments suggest that the response from 25(OH)D does not require activation by 1α-OHase and that 25(OH)D

within the intestinal lumen acts as a vitamin D receptor agonist. J Nutr 2020;150:427–433.
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Introduction

25-Hydroxycholecalciferol [25(OH)D] is a metabolic product
of vitamin D and the precursor to the calcium-regulating hor-
mone, 1α,25-dihydroxycholecalciferol [1,25(OH)2D]. Because
of its intrinsic role, 25(OH)D has a natural presence in animal-
based food products. Egg yolks, for example, contain 25(OH)D
ranging from 9.8 to 25 ng/g yolk (1, 2). In meats, 25(OH)D
content varies from undetectable to 2.1 ng/g for chicken breast
(2–4), 0.9 ng/g for beef (3–8), and 0.6 ng/g for pork (5, 9, 10).
Bovine milk also contains 25(OH)D that is in concentrations
typically between 0.1 and 0.2 ng/mL (5, 11). Comparisons
made between 25(OH)D and vitamin D3 have found that
both have similar concentrations (4, 9, 12, 13). Unlike vitamin

D3, 25(OH)D content in foods is not reported in nutrition
labels and, to our knowledge, no reference data on 25(OH)D
consumption have been compiled. Taylor et al. (14) used the
USDA Retail Food Commodity Intakes database to establish
an approximation that adults consume 1.7–2.9 μg 25(OH)D/d.
This estimated intake is much less than the current 10 μg/d
recommendation for vitamin D; thus, 25(OH)D from the diet
is thought to have minimal impact on vitamin D status, even
when accounting for a greater potency (15, 16), and efforts to
understand the effects of dietary 25(OH)D on the intestine have
received limited attention.

The enzyme responsible for the conversion of 25(OH)D
to 1,25(OH)2D is 1α-hydroxylase (1α-OHase). Although 1α-
OHase is primarily located in the kidneys for providing
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endocrinal regulation of calcium homeostasis, small amounts
have been observed in the intestines (17, 18). The presence of
1α-OHase in the intestine would imply that dietary 25(OH)D
could be activated to 1,25(OH)2D. The locally produced
1,25(OH)2D then would bind to and stimulate the vitamin
D receptor (VDR) to promote gene expression for increased
calcium absorption within the intestinal cells. We considered
that dietary 25(OH)D may be a substrate for 1α-OHase in the
duodenum. Therefore, we hypothesized that orally consumed
25(OH)D would elicit a vitamin D hormonal response in
the intestine via enteric 1α-hydroxylation and subsequent
activation of the VDR. To test the hypothesis, an evaluation
of the duodenal response to 25(OH)D was performed in mice,
then the mechanism of action was investigated through in vitro
inhibition and knockdown analyses with human Caco2 and HT-
29 cells.

Methods
Experimental reagents
Vitamin D, 25(OH)D, and 1,25(OH)2D (>98% pure, Sigma Aldrich)
were prepared as previously described (19, 20). Ketoconazole (Tocris
Bioscience), a cytochrome p450 inhibitor, was dissolved in DMSO and
stored at 4◦C for use with in vitro inhibition assays.

Animal experiments
Male C57BL6 mice (Jackson Laboratories), 5–7 wk old, were

housed in groups of 3 or 4 in a 12-h light/dark cycle. Mice were fed ad
libitum the Teklad 2014 rodent maintenance diet (Envigo) containing
14.3% crude protein, 4.0% fat (ether extract), 4.1% crude fiber, 4.7%
ash, 0.7% calcium, and 0.6 IU vitamin D3/g. Care and handling of
mice were approved by the Iowa State University Institutional Animal
Care and Use Committee. Mice weighing between 20 and 22 g were
divided randomly into treatment groups to receive ethanol, 25(OH)D,
or 1,25(OH)2D. Ethanol was used as a placebo treatment for control
mice (n = 3). Sixteen mice were given a dose of 40, 80, 200, or 400 ng
25(OH)D (n = 4 per dose), and the remaining 12 mice received 2,
4, or 8 ng 1,25(OH)2D (n = 4 per dose). Each mouse was given the
designated treatment in a single oral dose carried in 50 μL peanut
oil. Four hours after treatments, the mice were killed and two 1-cm
intestinal segments of the duodenum that were ∼1 cm distal from the
pylorus were collected. The first segment was homogenized in TRIzol
Reagent (Invitrogen) for RNA extraction, and the second was fixed for
24 h in 10% neutral formalin solution and embedded in paraffin for
RNA in situ hybridization (RISH).

Cell culture experiments
Human colon adenocarcinoma Caco2 and HT-29 cell lines (American
Type Culture Collection) were cultured under standard conditions (5%
CO2 in room air, 37◦C) in DMEM (Gibco) and Eagle’s Minimum Essen-
tial Media (EMEM) (Corning Cellgro), respectively, and supplemented
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with 10% FBS and 0.2% penicillin-streptomycin. Caco2 cells were
maintained up to passage 16 and HT-29 cells up to passage 20. All in
vitro experiments were conducted in 6-well plates seeded with 2 × 106

cells per well of Caco2 or HT-29 cells, and growth media were replaced
24 h later with 3 mL vitamin D treatment media. Vitamin D treatment
media contained 0.1% FBS unless otherwise indicated. Experiments
were repeated independently 3 times (n = 3) with 1 control in each
experiment. At the end of the indicated time, treatment media were re-
moved and then cells were lysed in 500 μL TRIzol for RNA extraction.

Cell transformation
HT-29 cells were transformed by clustered regularly interspaced
short palindromic repeats endonuclease-mediated mutation with Cas9
2NLS nuclease (Synthego) and a synthetic guide RNA (Synthego)
for human cytochrome p450 family 27 subfamily B member 1
(CYP27B1) (5′-GUGGUACUCUCGGUAGCCUA-3′). Transformations
were performed by using Lipofectamine 3000 (Invitrogen) with Cas9
2NLS nuclease and synthetic guide RNA in Opti-Mem medium (Gibco).
Mutagenesis was verified by Western blot analysis of the expressed
CYP27B1 protein, 1α-OHase.

RNA quantification
Total RNA was extracted from tissue homogenates and from cell lysates
for cDNA synthesis followed by qPCR analysis to determine relative
expression of cytochrome p450 family 24 subfamily A member 1
(Cyp24). RNA was separated as previously described (21) by using an
RNeasy Mini Prep isolation kit (Qiagen). Prep columns were eluted
with 50 μL nuclease-free water for tissue homogenates and 30 μL
nuclease-free water for cell lysates. cDNA was synthesized from 1 μg
RNA by using random hexamer primers and SuperScript III First
Strand Synthesis (Invitrogen). cDNA samples were diluted 1:5 for tissue
homogenates and 1:3 for cell lysates with Tris-EDTA buffer (10 mM
Tris and 1 mM EDTA) and stored at −20◦C. Tissue homogenates were
diluted again 1:6 with Millipore water for qPCR. Tissue and cell cDNA
samples were amplified with Cyp24 or Gapdh primers (Supplemental
Table 1) as previously described (21).

RISH
RISH was performed to qualitatively assess expression of Cyp24 in
the mouse duodenum. Formalin-fixed and paraffin-embedded tissues
were sectioned (5 μm) and then hybridized with Cyp24 oligo probes by
using the RNAScope 2.0 HD Red Manual Detection Kit (Advanced Cell
Diagnostics). Oligo probes for RNAScope are proprietary to Advanced
Cell Diagnostics. Positive (Mus peptidylprolyl isomerase B, expressed
in all mouse cells) and negative (Escherichia coli dihydrodipicolinate
reductase, not found in mammalian cells) probes were used as
procedural controls. After hybridization, sections were counterstained
with hematoxylin and 0.02% ammonia for bluing. Tissues were
examined qualitatively by light microscopy at 40× magnification.

Protein and Western blot
Effectiveness of the endonuclease-mediated mutagenesis of CYP27B1
in the HT-29 and Caco2 cell lines was determined by Western blotting.
Trypsinized cells were resuspended in radioimmunoprecipitation assay
buffer with protease inhibitor and quantified by using the Quick
Start Bradford protein assay (Bio-Rad). Proteins were separated by
gel electrophoresis, then transferred to a polyvinylidene difluoride
membrane for Western blotting. Primary antibodies used included
mouse anti-CYP27B1 (1α-OHase; mol wt. 56 kD) at 1:500 dilution and
mouse monoclonal anti-GAPDH (mol wt. 37 kD) at 1:2000 dilution
(Santa Cruz Biotechnologies). The secondary used for both primaries
was goat anti-mouse secondary antibody in a dilution of 1:10,000
(Santa Cruz Biotechnologies). Blots were developed by using enhanced
chemiluminescence (Pierce) and imaged in a ChemiDoc imaging system
(Bio-Rad).

Dose-response mathematical modeling
Dose-response analyses were modeled after the Michaelis–Menten
kinetics equation where reaction rate (ν) is represented by relative
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responses from qPCR (��Ct), maximal velocity (Vmax) is represented
by maximal effect (Emax), the Michaelis constant (KM) is represented
by the effective concentration at 50% of the maximal response (EC50),
and the substrate concentration remains notated as [S].

Michaelis–Menten kinetics equation:

v = Vmax [S]
Km + [S]

(1)

Modified Michaelis–Menten dose-response equation:

��Ct = Emax [S]
EC50 + [S]

(2)

Statistical analyses
Statistical analyses were performed on GraphPad Prism 5 (GraphPad
Software) and SAS version 9.4 (SAS Institute Inc.). Bar graph data
depict analyses by t test or ANOVA comparisons with Tukey–Kramer
adjustments for multiple comparisons. Analysis of residual plots and the
Shapiro–Wilk test were used to determine unequal variance for dose-
response data. Unequal data were log transformed to achieve normal
distribution and then verified by the same tests. Modified Michaelis–
Menten dose-response line graphs were analyzed by nonlinear least-
squares regression with subset comparison for best fit lines by the extra
sums of squares F test.

Results
25(OH)D elicits a transcriptional response in the
duodenum of mice

Four hours after ingestion, duodenal Cyp24 mRNA expression
was upregulated compared with controls with 80 ng 25(OH)D
(P = 0.016; Figure 1A). All doses of 1,25(OH)2D induced
Cyp24 mRNA compared with controls. Qualitatively with
RISH, we observed that Cyp24 mRNA induced by 25(OH)D
appeared only in the epithelial cells lining the duodenal villi and
was similar to the observations with 1,25(OH)2D (Figure 1B).
This pattern of response was identical to previously published
RISH data by our group (21).

Effect of 25(OH)D with cultured cells

Under cell culture conditions supplemented with 10% FBS,
both Caco2 and HT-29 human colon adenocarcinoma cell
lines exhibited the ability to upregulate CYP24 from 100 nM
1,25(OH)2D, but not from equimolar amounts of 25(OH)D or
vitamin D (Figure 2). We concluded that these cell conditions
were not adequate for evaluating the mechanism of the response
that we had observed in mice.

Removal of FBS from treatment media enables the
response to 25(OH)D

We found that using less FBS (1% or 0.1%) in culture media
enabled a response by Caco2 and HT-29 to 100 nM 25(OH)D
(Figure 2). These data correspond with those from others
who observed that 25(OH)D treatment stimulated vitamin D–
mediated responses when FBS was removed from media (22–
24). No effect of FBS-enrichment was found with the responses
to 1,25(OH)2D (Caco2, P = 0.22; HT-29, P = 0.11). Equimolar
concentrations of vitamin D did not induce a response in any of
the conditions tested (Caco2, P = 0.15; HT-29, P = 0.21). These
data suggest that serum proteins impair the response from
25(OH)D in cultured intestinal cells.

FIGURE 1 Transcriptional response of Cyp24 to oral 25(OH)D
and 1,25(OH)2D in the duodenum of mice. (A) qPCR of Cyp24
mRNA expressed in duodenal tissue. ��Ct values are determined as
relative to GAPDH and normalized to the mean of controls. Data are
mean ± SEM, n = 3 for 0 pmol control and n = 4 for all others. Means
without a common letter differ, P < 0.05. (B) RNA in situ hybridization
of Cyp24 in control mice, mice given 400 ng 25(OH)D, and mice given
8 ng 1,25(OH)2D at 40× magnification. Hybridized mRNA is stained
red as indicated by black arrows. Cyp24, cytochrome p450 family
24 subfamily A member 1; 1,25(OH)2D, 1,25-dihydroxycholecalciferol;
25(OH)D, 25-hydroxycholecalciferol.

Inhibition of 1α-OHase using ketoconazole has no
negative effect on the 25(OH)D-mediated response

Inboth Caco2 and HT-29 cell lines, ketoconazole had no
effect on the CYP24 expression induced by 1,25(OH)2D
(Caco2, P = 0.82; HT-29, P = 0.93; Figure 3). Caco2 cells
cotreated with ketoconazole responded to 25(OH)D, as did
DMSO cotreated cells (P = 0.4). HT-29 cells cotreated with
ketoconazole exhibited a greater response to 25(OH)D than
did DMSO controls (P = 0.001). Our explanation for the
increased response is that HT-29 cells demonstrated greater
expression of CYP24 than Caco2 cells, based on �Ct values
from HT-29 cells that were 2.5 ± 0.4 �Ct less than those
for CYP24 in Caco2 cells (relative to GAPDH, P = 0.0002;
data not shown). As a cytochrome p450 enzyme, CYP24 is
also a target of ketoconazole; therefore, we suspect that our
use of ketoconazole unintentionally inhibited CYP24 from
catabolizing the 25(OH)D needed for full potential of the
response. No such effect was observed with 1,25(OH)2D, which
may be because the 100-nM treatment provides an excess
of ligand for VDR activation. These data demonstrate that
inhibition of 1α-OHase does not affect the responses and
suggest that the protein may not be involved in the response
from 25(OH)D.

Knockdown of 1α-OHase and dose-response analyses
reveal agonist activation

The lower expression of 1α-OHase in HT-29 CYP27B1em1Jgoff

was verified by Western blot analysis (Figure 4). Expression
of 1α-OHase was not detectable in Caco2 cells; therefore,
a knockdown of these cells was not created. We then
performed dose-response analyses for HT-29 CYP27B1+,
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FIGURE 2 In vitro transcriptional responses of Cyp24 to 100 nM vitamin D (A, D), 25(OH)D (B, E), and 1,25(OH)2D (C, F) with varying
enrichments of FBS in treatment media by Caco2 (A–C) and HT-29 cells (D–F). Analysis of CYP24 mRNA is by qPCR. ��Ct values are relative to
GAPDH and normalized to the control included in each experiment. Data are mean ± SEM, n = 3. Means without a common letter differ, P < 0.05.
CYP24, cytochrome p450 family 24 subfamily A member 1; 1,25(OH)2D, 1,25-dihydroxycholecalciferol; 25(OH)D, 25-hydroxycholecalciferol.

HT-29 CYP27B1em1Jgoff, and Caco2 cells by measuring the
CYP24 expression response to various doses of 25(OH)D and
1,25(OH)2D (Figure 5). In compiling our data, we did not use
the relative 100% scale for response effect as is traditionally
done for dose-response curves. Instead, we used a modified
Michaelis–Menten analysis (described in the Methods) that
enables assessment of the response as a measure of VDR
activation. This analysis allows interpretation of the Emax

and EC50 as kinetic dimensions similar to Vmax and KM,
respectively. The calculated Emax and EC50 values are shown
in Table 1. Emax values describe the VDR ligand-activated
transcriptional response. The Emax values between 1,25(OH)2D
and 25(OH)D ligands were consistent for each cell line and
confirm that the activity downstream of VDR activation is
identical between ligands. No difference in Emax values was
observed between wild-type and CYP27B1-knockdown HT-29
cells. Analysis of the EC50 data describes differences in ligand-
receptor affinity and reveals characteristics of the activation
process. In all cell lines tested, the EC50 was greater for
25(OH)D than for 1,25(OH)2D. We found that knockdown
of 1α-OHase did not affect the EC50 for 1,25(OH)2D or for
25(OH)D. Affinity of 25(OH)D compared with 1,25(OH)2D
was estimated by relative EC50 data presented in Table 1. These
kinetic data demonstrate an independence of the 25(OH)D-
mediated response from the expression of 1α-OHase, suggesting
that 25(OH)D acts directly as a VDR agonist with lower affinity
than 1,25(OH)2D.

Discussion
In the present study, we show that orally consumed 25(OH)D
results in an upregulation of the vitamin D hormonal response

in the duodenum of mice. This response may hold biological
relevance if we consider an extreme, yet plausible example. In
our mouse model, we showed that 80 ng 25(OH)D was needed
to elicit a significant effect on the VDR-mediated response.
Assuming that the mouse ingests 3 g/d, then it would need
to eat a food item with 26.7 ng 25(OH)D/g. As mentioned,
egg yolks have been shown to contain ≤25 ng 25(OH)D/g
(2). If the mouse were to feast on this egg yolk, then the
25(OH)D in egg could feasibly elicit a similar magnitude of
hormonal response. However, the mouse would likely consume
the egg yolk over a longer period of time and not all at once.
Such dietary limitations may offer protective effects from the
potential toxicity of 25(OH)D as a hormonal agonist.

Use of a low-FBS in vitro model has important relevance for
examining the vitamin D hormonal response in the intestine. We
considered that the FBS used in cell culture contains proteins
that bind to 25(OH)D such as vitamin D binding protein and
albumin. Because orally consumed proteins within the intestinal
lumen are denatured by digestion, and because the intestinal
epithelium receives nourishment from the lumen rather than
from sera, then one can assume that the 25(OH)D in digesta
would be free and not bound to protein. Thus, use of FBS
in media would not reflect the environment of the intestinal
lumen. Because we are focused only on the epithelium of the
intestines, we feel that this model appropriately represents
actions by vitamin D metabolites on the intestinal tissue.
However, it is important to recognize that our experiments
used proliferating cells instead of differentiated cells, which may
affect the response observed by the cells.

Our hypothesis suggested that 1α-OHase is required for
25(OH)D to induce CYP24 expression in intestinal cells, but
inhibition of the 1α-OHase had no effect on the responses.
To ensure that the lack of effect by ketoconazole was not a
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FIGURE 3 Inhibition of 1α-hydroxylase by 10 μM ketoconazole or
DMSO in Caco2 (A, B) and HT-29 (C, D) cells treated with 100 nM
25(OH)D or 1,25(OH)2D. Experiments were performed in 0.1% FBS
media conditions. ��Ct values are determined from qPCR of CYP24
mRNA relative to GAPDH and normalized to the control included in
each experiment. Data are mean ± SEM, n = 3. Means without
a common letter differ, P < 0.05. CYP24, cytochrome p450 family
24 subfamily A member 1; 1,25(OH)2D, 1,25-dihydroxycholecalciferol;
25(OH)D, 25-hydroxycholecalciferol.

result of failure to inhibit the 1α-OHase, we then knocked-
down the expression of 1α-OHase in HT-29 cells. The resulting
change in expression had no negative effect on the response to
25(OH)D either. Furthermore, Caco2 cells had less abundance
of CYP27B1 than did the HT-29 cells and elicited a remarkably
similar response with a slightly lower EC50 concentration. These
findings suggest that 25(OH)D is not dependent on CYP27B1
for VDR activation and may act as a VDR agonist. Previous
mechanistic studies have also demonstrated the agonistic
activity of 25(OH)D. Lou et al. (25) found that primary cells
from Cyp27b1 knockout mice are able to respond to 25(OH)D,
despite the inability to produce 1,25(OH)2D. Furthermore, they
showed that responses in human MCF-7 cells were not impaired
by inhibiting the 1α-OHase, and knocking out VDR in the cells
did prevent the response from occurring (25). Verone-Boyle et
al. (26) used small interfering RNA (siRNA) against CYP27B1
in combination with their CYP27B1 knockout in a human
lung cancer cell line, but they could not impair the 25(OH)D-
mediated stimulation of VDR and found that the response
was independent of 1,25(OH)2D production in the cells. Susa
et al. (27) used siRNA against both CYP27B1 and VDR in
human prostate cancer cells and also came to the conclusion
that 25(OH)D can act as a hormonal agonist. The idea that
25(OH)D will stimulate the vitamin D–mediated response is not
new; however, we demonstrate a physiological application of
25(OH)D functioning as an agonistic ligand specifically within
the intestine.

Dose-response analyses revealed detailed characterization
of the mechanism for the 25(OH)D-mediated response. If we

FIGURE 4 Expressed 1α-OHase in wild-type Caco2, wild-type HT-
29 CYP27B1+, and knockdown HT-29 CYP27B1em1Jgoff cells. Gel
loading is demonstrated by the abundance of GAPDH. CYP27B1,
cytochrome p450 family 27 subfamily B member 1; 1α-OHase, 1α-
hydroxylase.

consider our initial hypothesis that 25(OH)D undergoes 1α-
hydroxylation before VDR activation, then we would have
expected a 2-step reaction for 25(OH)D to elicit the same
response as 1,25(OH)2D. This 2-step model would include
hydroxylation by 1α-OHase to form 1,25(OH)2D (step 1),
followed by substrate binding to VDR (step 2), then yielding
activation of the hormonal response. The KM of 1α-OHase (step
1) has been previously determined to be 2.7 μM (28), whereas
the Kd of 1,25(OH)2D binding to VDR (step 2) ranges from 0.13
to 1.2 nM (29–31), with 1 exception of 32 nM by Falsone et al.
(32). Given these estimates, we note that the KM for 1α-OHase
is much greater than the Kd for VDR activation; therefore,
we expect the hydroxylation of step 1 to be rate-limiting with
values on the order of 1–10 μM. Incredibly, our calculations
of EC50 correspond with the previous kinetic experiments. The
EC50 values for 1,25(OH)2D were similar to previous estimates
of the Kd for VDR. The EC50 values for 25(OH)D, on the
other hand, were much less than expected for the action of
the 1α-OHase and are within the range of estimates for VDR
binding. Binding affinity for 25(OH)D to VDR has not been
experimentally determined but has been estimated to be ∼50-
to 150-fold less than the affinity for 1,25(OH)2D (25, 32–
34). These estimates closely correspond to our calculations of
175- and 200-fold differences in relative affinity for HT-29 and
Caco2 cells, respectively. On the basis of data from the present
study, our hypothesis for enteric 1,25(OH)2D synthesis from 1-
hydroxylation was not substantiated. Instead, we conclude that
these data substantiate the claim that 25(OH)D in the intestinal
lumen acts as a VDR agonist and activates the transcriptional
response.

Estimations of 25(OH)D content in animal products corre-
late with the animal’s serum [25(OH)D] and can be increased
by supplementation in the animal’s diet (2, 6, 10). We argue that
these small amounts of 25(OH)D may have substantial value
when considered as a VDR agonist with hormonal activity. If
we consider a vitamin D–deficient mammal with increased VDR
expression, then its nutritional source of 25(OH)D may have a
physiological importance in maintaining health for the human
or animal in times of insufficient sunlight when vitamin D3 is
not endogenously made. The question that remains is whether
the hormonal activity of 25(OH)D will translate to increased
calcium absorption. Some investigations have demonstrated
such calcemic effects of 25(OH)D in the intestines (6, 35, 36),
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FIGURE 5 Dose-response curves for 25(OH)D (A, C) and
1,25(OH)2D (B, D) from Caco2 cells (A, B) and HT-29 CYP27B1+ and
CYP27B1em1Jgoff cells (C, D). Responses are measured by qPCR
analysis of CYP24 mRNA (��Ct, relative to GAPDH and normalized
to the control per experiment) and plotted by log-scale substrate
concentration. Experiments were performed in 0.1% FBS conditions.
Symbols represent mean ± SEM, n = 3. Curves depict best-fit
line from modified Michaelis–Menten analysis. The x axis vertical
lines represent calculated EC50 values and the y axis tabs represent
calculated Emax values. CYP24, cytochrome p450 family 24 subfamily
A member 1; CYP27B1, cytochrome p450 family 27 subfamily B
member 1; EC50, effective concentration at 50% response; Emax,
maximal effect; 1,25(OH)2D, 1,25-dihydroxycholecalciferol; 25(OH)D,
25-hydroxycholecalciferol.

but the analyses assumed that 25(OH)D is converted to
1,25(OH)2D by the kidneys before stimulating the intestine.
In humans, for example, Vaes et al. (37) gave healthy subjects
10 μg 25(OH)D/d for 24 wk and observed decreases in serum
parathyroid hormone that may reflect improvements in calcium
homeostasis, but the research group did not account for the
potential activity of 25(OH)D itself. Interestingly, we also have
noted controversies that suggest diets low in animal protein
have negative effects on bone calcification (38, 39). Perhaps the
effects of diet on bone can be attributed to the 25(OH)D present
in the animal-based food source more so than its composition
of amino acids. More studies are needed to understand the full
impact of 25(OH)D consumed in the diet.

Although we used vitamin D–normal mice, it is possible that
a vitamin D–deficient animal may exhibit increased sensitivity
to 25(OH)D. This consideration is based on a previous study
where the authors observed an inverse relation between the
abundance of VDR in the prostate gland and serum 25(OH)D
in rats (40). If the abundance of VDR in the intestines also
increases during vitamin D deficiency, then we would expect
a lower dose of 25(OH)D to initiate transcriptional events.
Conversely, it is also possible that VDR can decrease during
vitamin D deficiency. Given the high prevalence of vitamin D
deficiency and insufficiency among industrialized nations (41), it
may be necessary to investigate the response to 25(OH)D during
altered vitamin D states to further understand the importance
of 25(OH)D in intestinal signaling.

TABLE 1 Parameters calculated from modified
Michaelis–Menten analysis of dose-responses to 1,25(OH)2D
and 25(OH)D in Caco2 CYP27B1+, HT-29 CYP27B1+, and HT-29
CYP27B1em1Jgoff cells1

Caco2 HT-29

CYP27B1+ CYP27B1+ CYP27B1em1Jgoff

1,25(OH)2D
Emax,2 ��Ct 10.6 ± 0.4 9.6 ± 0.2 9.0 ± 0.3
EC50, nM 0.07 ± 0.01 0.18 ± 0.01 0.23 ± 0.04

25(OH)D
Emax,2 ��Ct 10.6 ± 0.5 9.8 ± 0.8 9.8 ± 0.6
EC50, nM 16 ± 4∗ 28 ± 9∗ 40 ± 8∗

Relative EC50

[25(OH)D, nM]/[1,25(OH)2D, nM] 200 175 174

1Experiments were performed in 0.1% FBS conditions. Values are mean ± SEM,
n = 3. ∗Different from 1,25(OH)2D parameter, P < 0.0001, as determined by
comparison of best-fit lines. CYP27B1, cytochrome p450 family 27 subfamily B
member 1; Emax, maximal effect; EC50, effective concentration at 50% of response;
1,25(OH)2D, 1,25-dihydroxycholecalciferol; 25(OH)D, 25-hydroxycholecalciferol.
2��Ct values are determined from qPCR relative to GAPDH and normalized to the
mean of controls.

Limitations of our in vitro investigations are important to
consider. Although we demonstrated an effective model, our
use of human colon adenocarcinoma cells may not precisely
reflect the expression and responsiveness of in vivo duodenal
cells for human and mouse. In addition, mice may elicit a
response to 25(OH)D that differs from humans. As a result,
direct translation of our in vitro and in vivo data to human
application may vary.

In conclusion, we found that oral consumption of 25(OH)D
induces a vitamin D response in the epithelial layer of the
duodenum in mice. In addition, our in vitro analyses confirm
that 25(OH)D present in the lumen of the intestine acts as a
VDR agonist to the intestinal epithelium. Our new perspective
that orally administered 25(OH)D acts as a hormone itself adds
important nutritive value to the small amounts of 25(OH)D
present in animal-based foods that had not previously been
considered.
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