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The active form of vitamin D, 1,25-dihydroxyvitamin D3,
[1,25(OH)2D3] has potent actions on innate and adaptive
immunity. Although endocrine synthesis of 1,25(OH)2D3
takes place in the kidney, the enzyme that catalyzes this,
25-hydroxyvitamin D-1�-hydroxylase (CYP27b1 in humans,
Cyp27b1 in mice), is expressed at many extra-renal sites in-
cluding the colon. We have shown previously that colonic ex-
pression of CYP27b1 may act to protect against the onset of
colitis. To investigate this further, we firstly characterized
changes in Cyp27b1 expression in a mouse model of colitis.
Mice treated with dextran sodium sulfate (DSS) showed
weight loss, histological evidence of colitis, and increased
expression of inflammatory cytokines. This was associated
with decreased renal expression of Cyp27b1 (5-fold, P �
0.013) and lower serum 1,25(OH)2D3 (51.8 � 5.9 pg/nl vs.

65.1 � 1.6 in controls, P < 0.001). However, expression of
CYP27b1 was increased in the proximal colon of DSS mice
(4-fold compared with controls, P < 0.001). Further studies
were carried out using Cyp27b1 null (�/�) mice. Compared
with �/� controls the Cyp27b1 �/� mice showed increased
weight loss (4.9% vs. 22.8%, P < 0.001) and colitis. This was
associated with raised IL-1 in the distal colon and IL-17 in
the proximal and distal colon. Conversely, DSS-treated
Cyp27b1�/� mice exhibited lower IL-10 in the proximal co-
lon and toll-like receptors 2 and 4 in the distal colon. These
data indicate that both local and endocrine synthesis of
1,25(OH)2D3 affect colitis in DSS-treated mice. Lack of
Cyp27b1 exacerbates disease in this model, suggesting that
similar effects may occur with vitamin D deficiency. (En-
docrinology 149: 4799–4808, 2008)

THE ACTIVE FORM of vitamin D, 1,25-dihydroxyvita-
min D3 [1,25(OH)2D3], is capable of inducing biological

responses above and beyond its accepted role as a regu-
lator of calcium homeostasis and bone metabolism. No-
tably, much recent attention has focused on the ability of
1,25(OH)2D3 to regulate both innate and adaptive immunity
(1, 2). In the case of the former, 1,25(OH)2D3 has been shown
to act as a potent stimulator of the antibiotic protein cathe-
licidin (LL37) and thus actively promotes bacterial killing by
both macrophages and epithelial cells (3–6). Expression of
pattern recognition receptors such as the toll-like receptors
(TLRs) is also regulated by 1,25(OH)2D3. In the case of
macrophages, 1,25(OH)2D3 induces the TLR4 coreceptor
CD14 (7), but it also suppresses expression of TLR2 and
TLR4 resulting in decreased sensitivity to pathogen-asso-
ciated molecular patterns, possibly as part of a feedback
control mechanism to limit innate immune responsiveness
(8). By contrast, in keratinocytes 1,25(OH)2D3 is a potent
inducer of TLR2, providing a mechanism by which these

cells can respond to a bacterial challenge, particularly after
epidermal wounding (9).

The immunomodulatory actions of 1,25(OH)2D3 also span
the link between innate and adaptive immunity. In vitro,
1,25(OH)2D3 potently suppresses the maturation of dendritic
cells, leading to profound effects on T-cell function (10–13).
As well as inhibiting generalized activation and proliferation
of T cells via inhibition of costimulatory molecules and MHC
class II (12, 13), 1,25(OH)2D3 has also been shown to promote
DC-mediated tolerogenicity by supporting the generation of
IL-10-secreting regulatory T cells (13, 14). Other studies have
shown that 1,25(OH)2D3 promotes a shift in T-cell phenotype
by suppressing Th1 cytokines such as IL-12 and interferon-�
(14). Finally, recent data indicate that 1,25(OH)2D3, acting via
DCs, influences T-cell localization by enhancing T-cell ex-
pression of chemokine receptor 10 (CCR10) (15). As this
binds the epidermis-specific cytokine CCL27, it would ap-
pear that an additional attribute of 1,25(OH)2D3 is its ability
to act as a T-cell homing factor (15). Although DCs are an
important conduit for 1,25(OH)2D3, it is also likely that some
of its effects on T cells are mediated directly as activated T
cells express abundant levels of the vitamin D receptor (VDR)
(16). In a similar fashion, 1,25(OH)2D3 can act directly to
inhibit B-cell proliferation, as well as plasma and memory
cell development (17).

From the studies outlined above, it is clear that
1,25(OH)2D3 can exert effects on both innate and adaptive
immunity through either direct or indirect pathways. An
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additional crucial consideration concerns the origin of
1,25(OH)2D3 itself. In classical vitamin D endocrinology,
1,25(OH)2D3 is synthesized from precursor 25-hydroxyvita-
min D3 (25OHD3) in the kidneys that express abundant levels
of the activating enzyme 25-hydroxyvitamin D-1�-hydrox-
ylase (CYP27b1 in humans, Cyp27b1 in mice) (18). However,
it is now clear that CYP27b1 is detectable in many other cell
types, most notably in macrophages and DCs, and in epi-
thelial cells at barrier sites such as the skin, placenta and
gastrointestinal tract (19, 20). The consequence of this is that
localized, autocrine/paracrine activity may be the pivotal
mechanism by which 1,25(OH)2D3 influences the human im-
mune system (15, 17, 21, 22). To assess the impact of renal and
extra-renal production of 1,25(OH)2D3 on immune ho-
meostasis at a specific barrier site, the colon, we have used
a mouse model of gastrointestinal colitis [dextran sodium
sulfate (DSS)-induced injury]) in which changes in innate
and adaptive immunity were assessed in the context of al-
tered Cyp27b1 expression and activity. Data indicate that
induction of colitis in mice with DSS enhanced expression of
CYP27b1 in the colon but suppressed the enzyme in the
kidney. Importantly, mice lacking the Cyp27b1 gene were
more susceptible to DSS-induced colitis, underlining the im-
portance of 1,25(OH)2D3 as a regulator of colonic immunity
and tissue homeostasis.

Materials and Methods
Mice

Wild-type C57BL/6 mice and C57BL/6 mice heterozygous for the
Cyp27b1 gene (23) (gift from Dr. H. F. DeLuca, University of Wisconsin,
WI) were bred for use at Cedars-Sinai Medical Center. Breeding and
genotyping of mice heterozygous (�/�) or homozygous (�/�) for the
Cyp27b1 gene was carried out using previously documented protocols
(23). All animals, including wild-type, �/� and �/� mice were main-
tained on LabDiet 5015 formula chow containing 0.8% calcium and 3.3
IU/g vitamin D3 (Purina, Richmond, IN). All procedures were reviewed
and approved by Cedars-Sinai Medical Center Institutional Animal Care
and Use Committee (IACUC No. 1369). In preliminary experiments, n
five male and five female wild-type C57BL/6 mice were assessed for
changes in weight and serum vitamin D metabolites. For all subsequent
experiments and treatments, five male or female mice were used.

Induction of colitis using dextran sodium sulfate (DSS)

Eight-week-old mice (20–25 g in weight) were administered regular
filter-purified and sterilized water (controls) or water containing 2.5%
dextran sodium sulfate (DSS) ad libitum for 7 d, after which all the mice
were given regular water for a further 3 d. After the 10-d experiment,
all animals were euthanized by carbon dioxide asphyxiation and cervical
dislocation, and tissue collected as outlined below. During the experi-
ment, animals were weighed daily and monitored for rectal bleeding,
diarrhea, and general signs of ill health. To minimize unnecessary suf-
fering in DSS-treated animals, a limit of no greater than 25% loss in body
weight was set before animals would be euthanized and listed as dead.

Tissue collection and analysis

Immediately following euthanasia, blood was removed from mice by
cardiac puncture and the resulting serum stored at �80 C before analysis
of circulating levels of 25OHD3 and 1,25(OH)2D3 (Dr. B. Hollis, Medical
University of South Carolina, Charleston, SC). Kidneys and spleen were
also removed from the euthanized mice and snap-frozen before RNA
extraction. The small and large intestines were also removed from eu-
thanized mice, washed to remove fecal matter and then either: 1) pre-
served in 10% formaldehyde before embedding in paraffin blocks; 2)
washed to remove fecal material and then divided into sections corre-

sponding to small intestine, proximal colon (caecum to mid-transverse
colon) and distal colon (mid-transverse colon to anus), then snap frozen
before RNA extraction.

Histological analysis of colitis

Paraffin-embedded sections of colon tissue from euthanized mice
(n � 5) were stained with hematoxylin/eosin and the histologic severity
of colitis graded in a blinded fashion by an independent pathologist
according to previously described methods which evaluate severity of
inflammation, extent of injury, crypt damage and percentage tissue
involvement (24).

Extraction of RNA and RT

RNA was extracted from mouse tissues using the RNeasy Total RNA
extraction kit as detailed by the manufacturer (QIAGEN, Valencia, CA).
RNA was eluted in ribonuclease-free elution solution and aliquots (1.5
�g) were reverse-transcribed using Powerscript Moloney murine leu-
kemia virus reverse transcriptase as described by the manufacturer (ABI,
Foster City, CA).

Quantitative real-time RT-PCR amplification of cDNAs

Expression of mRNAs for mouse VDR, Cyp27b1, IL-1, IL-10, IL-17,
toll-like receptor (TLR) 2 and TLR4 was quantified using an ABI 7700
sequence detection system (ABI) as described previously (25). Approx-
imately 50 ng of cDNA were used per reaction. All reactions were
multiplexed with the housekeeping glyceraldehyde-3-phosphate dehy-
drogenase (GAPDH) gene, provided as an optimized control probe
labeled with VIC fluorochrome (ABI), enabling data to be expressed in
relation to an internal reference to allow for differences in sampling.
Data were obtained as cycle threshold (Ct) values (the cycle number at
which logarithmic PCR plots cross a calculated threshold line), and used
to determine �Ct values (Ct of target gene-Ct of housekeeping GAPDH
gene). PCR amplification of target gene cDNA was carried out using the
following Taqman mouse gene expression assays: CYP27b1 (Mm01165922);
VDR (Mn004337297); IL-1� (00439620); IL-10 (Mn00439616); IL-17
(Mn00439619); toll-like receptor 2 (TLR2) (Mn00442346); TLR4 (Mn00445274);
GAPDH (4352339E) (ABI). cDNAs were amplified under the following
conditions: 50 C for 2 min; 95 C for 10 min; followed by 40 cycles of 95
C for 15 sec and 60 C for 1 min. All reactions were performed in triplicate
and initially expressed as mean � sd �Ct values for n � 5 mouse tissue
samples that were employed in statistical comparisons. Visual repre-
sentation of data were carried out by converting �Ct values to fold-
change data relative to �Ct values for control (regular water)-treated
mice using the equation 2��Ct.

Immunohistochemical analysis of Cyp27b1

Immunohistochemical analysis of Cyp27b1 protein expression in par-
affin-embedded tissue sections was carried out using methods as de-
scribed previously (26). Briefly, sections were dewaxed through a series
of xylene and graded ethanol washes, and antigen retrieval was carried
out in 0.01 m sodium citrate buffer in a pressure cooker at 103 kPa for
2 min. Slides were then incubated in 3% methanol-hydrogen peroxide
for 15 min to block endogenous peroxidase activity, washed in Tris-
buffered saline (TBS), pH 7.6, and incubated with sheep antimouse
CYP27b1 antiserum in 10% normal swine serum in TBS at dilutions
between 1/100 and 1/300 for 45 min at room temperature. After a 15-min
TBS wash, donkey antisheep IgG peroxidase conjugate with 10% normal
swine serum in TBS at 1/100 dilution was added to sections for 45 min.
3,3�-Diaminobenzidine was used to visualize the secondary antibody.
Mayers hematoxylin was used to counter stain sections. Control staining
was carried out as shown above but with Cyp27b1 antiserum preincu-
bated with a 100-fold excess of immunizing peptide.

Statistics

Experimental means were compared statistically using an unpaired
Student’s t test. However, where indicated, multifactorial data involving
Cyp27b1 �/� and �/� treatments were compared using one way
ANOVA with the Holm-Sidak method used as a post hoc multiple com-
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parison procedure. Statistical analyses were carried out using raw �Ct
values.

Results
Treatment with 2.5% DSS induces colitis in wild-type
C57BL/6 mice

Preliminary studies indicated that C57BL/6 mice exposed
to 2.5% DSS in drinking water experienced a steady weight
loss compared with control mice receiving regular drinking
water (Fig. 1A). After the 10-d treatment regime, DSS-treated
mice had average weights of 22.1 � 1.9 g (n � 5 mice)
compared with a starting weights of 23.7 � 2.0 g (n � 5), a
6.9% weight loss. By contrast control mice showed a 7.1%
weight gain from 23.5 � 1.0 g on d 0 to 25.2 � 1.3 on d 10
(P � 0.008 compared with d 10 DSS-treated mice). These data
were obtained with 8-wk-old male C57BL/6 mice, but sim-
ilar observations were also made with C57BL/6 female mice
and balb/c male mice (data not shown). Histological analysis
of colonic tissue revealed increased colitis scores in DSS-
treated mice (Fig. 1B) and enhanced expression of mRNA for
the inflammatory cytokine, IL-1� in both the proximal and
distal colon (Fig. 1C). By contrast, colonic expression of
mRNA for the VDR was unaffected by DSS treatment (data
not shown).

DSS-induced colitis stimulates colonic expression of
Cyp27b1 but suppresses circulating levels of 1,25(OH)2D3

Unlike the VDR, expression of mRNA for Cyp27b1 in-
creased 4-fold in the proximal colon of wild-type C57BL/6
mice following DSS treatment (Fig. 2A). Serum levels of
25OHD3 were unaffected by treatment with DSS (Fig. 2B).
However, circulating levels of 1,25(OH)2D3 were signifi-
cantly lower in DSS-treated mice (51.8 � 5.9 pg/nl for males
and 53.3 � 3.2 pg/ml for females) compared with untreated

controls (65.1 � 1.6 and 63.6 � 4.6, P � 0.001 and 0.01,
respectively) (Fig. 2C).

The presence of protein for Cyp27b1 was confirmed by
immunohistochemistry (Fig. 3), which showed predominant
apical staining for the enzyme along with non-specific stain-
ing in mucus globules. Levels of Cyp27b1 expression were
qualitatively higher in the distal colon but did not appear to
be significantly enhanced in this region of the gastrointesti-
nal tract in mice treated with DSS. In the proximal colon,
apical expression of Cyp27b1 also appeared to be unaffected
by DSS, but enhanced levels of the enzyme were clearly
visible in lymphoid patches (see arrow in Fig. 3).

Cyp27b1 KO mice are more susceptible to DSS-induced
colitis

In view of the fact that wild-type C57BL/6 mice treated
with 2.5% DSS exhibited changes in both systemic and lo-
calized activation of vitamin D (in the form of serum
1,25(OH)2D3 levels and colonic Cyp27b1 expression, respec-
tively), we carried out further studies using Cyp27b1 KO
mice on a C57BL/6 background. Consistent with data in Fig.
1, mice heterozygous for the Cyp27b1 gene (�/�) showed
a 4.9% decrease in weight over the 10-d period of DSS treat-
ment, similar to that observed with �/� wild-type mice
(6.6%) (Fig. 4A). However, DSS-treated mice homozygous
for Cyp27b1 gene ablation (�/�) lost significantly more
weight (22.8%) when compared with �/� or �/� mice
(both P � 0.001). All control mice gained weight over the
same period. The increased weight loss in DSS-treated
Cyp27b1 �/� mice was also associated with a further
increase in scoring for colitis based on histological analysis
of colonic tissue (Fig. 4B). DSS increased levels of colitis in
the proximal colon of both Cyp27b1 �/� and �/� mice
but the score for the DSS-treated �/� mice was statisti-

FIG. 1. DSS-induced colitis in C57BL/6 mice. Panel A,
Weight changes (g) in 8-wk-old mice receiving regular water
(control) or water with 2.5% DSS (DSS) (7 d treatment
followed by 3 d recovery). Each symbol (F, �, E, ‚, f)
represents weights for individual mice. Panel B, Histolog-
ical colitis scoring in control or DSS mice. Data are the
mean � SD from n � 5 mice. Panel C, Real-time RT-PCR
analysis of mRNA for IL-1� in tissue from the proximal and
distal colon of control and �DSS mice. Data are shown as
mean fold-change in expression in �DSS mice compared with
control mice (n � 5 in both cases, � SD). Statistical analysis
was carried out using raw �Ct values. **, Statistically differ-
ent from water control, P � 0.01; ***, statistically different
from water control, P � 0.001. ###, Statistically different from
DSS-treated proximal colon, P � 0.001.
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cally higher than that observed in �/� mice. DSS-induced
colitis was most pronounced in the distal colon of both
Cyp27b1 �/� and �/� mice but, in a similar fashion to

the proximal colon, this score was statistically higher in
tissue from Cyp27b1 �/� mice.

Although mRNA for Cyp27b1 was undetectable in the
�/� mice (data not shown), we investigated further the
expression of this enzyme in �/� control mice. The expres-
sion of mRNA for Cyp27b1 in kidney, spleen, small intestine,
as well as proximal and distal colon, was assessed using
kidneys from regular water control mice as a reference tissue
(Fig. 5A). Treatment with DSS stimulated expression of
Cyp27b1 in the proximal colon of Cyp27b1 �/� mice in a
similar fashion to that observed in �/� wild-type mice.
Although there was no change in Cyp27b1 expression in
other regions of the gastrointestinal tract, it was noted that
basal expression of the enzyme in untreated control distal
colon was 4-fold higher than in the proximal colon and not
statistically different from DSS-treated proximal colon tissue.
It was also noted that, in contrast to the proximal colon,
expression of Cyp27b1 was strikingly suppressed in kidneys
and spleen from DSS-treated mice. As observed with wild-
type mice, treatment with DSS resulted in lower circulating
levels of 1,25(OH)2D3 in the Cyp27b1 �/� mice (Fig. 5B).

Further real-time RT-PCR was carried out to assess ex-
pression of other key genes associated with vitamin D func-

FIG. 3. The effects of DSS-treatment on colonic expression of
Cyp27b1 protein. Immunohistochemical analysis of Cyp27b1 protein
expression in panel A, the proximal and distal colon of control or
DSS-treated mice (DSS); in panel B, control immunohistochemistry
using Cyp27b1 antiserum preabsorbed with immunizing peptide. All
pictures show �200 magnification; arrow indicates a lymphoid patch.

FIG. 2. Altered expression of Cyp27b1 and synthesis of 1,25(OH)2D3 in
DSS-treated mice. Panel A, Real-time RT-PCR analysis of Cyp27b1
mRNA in the proximal and distal colon of 8-wk-old mice (n � 5 for each
treatment) receiving regular water (control, C) or water with 2.5% DSS
(DSS) (7 d treatment followed by 3 d recovery). Data are shown as mean
fold-change in expression relative to proximal colon from control mice
(arbitrary mean value � 1) � SD. Statistical analysis was carried out
using raw �Ct values. Panel B, Levels of serum 25OHD3 in male (n � 5) and
female (n � 5) wild-type C57BL/6 mice receiving regular control water (C)
or water with DSS (DSS). Panel C, Levels of serum 1,25(OH)2D3 in male
(n � 5) and female (n � 5) wild-type C57BL/6 mice receiving regular control
water (C) or water with DSS. **, Statistically different from water control,
P � 0.01; ***, statistically different from water control, P � 0.001. ###,
Statistically different from proximal colon control, P � 0.001.

FIG. 4. Cyp27b1 knockout mice are more susceptible to DSS-induce
colitis. Panel A, Weights of wild-type (�/�), Cyp27b1 heterozygous
(�/�) and Cyp27b1 knockout (�/�) mice receiving regular water
(control, C) or water with 2.5% DSS (DSS) (7 d treatment followed by
3 d recovery). Data shown are mouse weights (g) on d 0 and 10. Panel
B, Histological colitis scoring in Cyp27b1 heterozygous (�/�) and
Cyp27b1 knockout (�/�) mice receiving regular water (control, C) or
water with 2.5% DSS (DSS). Data are the mean � SD from n � 5 mice.
***, Statistically different from water control, P � 0.001. ###, Statis-
tically different from DSS �/� mouse, P � 0.001. ##, Statistically
different from DSS �/� mouse, P � 0.01. ###, Statistically different
from DSS �/� mouse, P � 0.001. Data analyzed by ANOVA.
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tion, namely VDR and the vitamin d-inactivating enzyme
24-hydroxylase (Cyp24). Data in Fig. 6A indicate that in the
kidneys VDR expression was decreased in Cyp27b1 �/�
mice but was unaffected by treatment with DSS. In the
spleen, VDR expression was the same for Cyp27b1 �/� and
�/� mice but was significantly suppressed by DSS in both
types of animals. In the small intestine, VDR expression was
decreased in DSS-treated Cyp27b1 �/� mice and in control
�/� mice vs. �/� mice. DSS-treatment of Cyp27b1�/�
mice increased VDR expression in the proximal colon but
had no effect in the distal colon.

Analysis of Cyp24 expression (Fig. 6B) showed that in
Cyp27b1 �/� mice mRNA for this enzyme was most abun-
dant in the kidney, with levels being approximately 1000-
fold higher than any of the other tissues (data not shown).
However, in kidneys from Cyp27b1 �/� mice expression of
Cyp24 was profoundly suppressed (3.2 � 105 and 5.5 �
105-fold, respectively, in control and DSS-treated mice). By
contrast, expression of Cyp24 in the spleen was similar for
Cyp27b1 �/� and �/� mice, and this was significantly
increased in both groups of animals following treatment with
DSS. Expression of Cyp24 in the gastrointestinal tract was
variable but was highest in the small intestine of control mice.
At this site and in the proximal and distal colon, Cyp27b1
�/� animals showed significantly lower levels of Cyp24
compared with equivalent tissues in �/� mice. Treatment
with DSS increased levels of Cyp24 in the proximal colon
(both control and DSS-treated animals) but was without ef-
fect in the small intestine and distal colon.

Increased colitis in Cyp27b1 KO mice is associated with
dysregulation of cytokine and TLR expression

Vitamin D is now recognized as a potent modulator of
innate and adaptive immunity (1, 2). Effects on the former
include the induction of antibacterial peptides (21), and ei-
ther the stimulation (9) or suppression (8) of TLR expression.
Active 1,25(OH)2D3 is also a powerful modulator of adaptive
immune responses, including effects on T-cell proliferation

and phenotype (27, 28). With these observations in mind, we
carried out further RT-PCR analyses to assess the possible
involvement of innate and/or adaptive immunity genes in
the pathophysiology of colitis associated with DSS treatment
of Cyp27b1 KO mice.

As demonstrated in Fig. 1, induction of the inflammatory
cytokine IL-1� is a key marker of DSS-induced colitis in the
proximal and distal colon. Further studies using Cyp27b1
�/� and �/� mice confirmed this observation and showed
that in the distal colon induction of IL-1� was significantly
higher in Cyp27b1 �/� mice than �/� mice (P � 0.001)
(Fig. 7A). In contrast to the colon, IL-1� levels in the small
intestine were only affected by combined Cyp27b1 knockout
and DSS-treatment, which potently suppressed mRNA ex-
pression for this cytokine. It was also interesting to note that
DSS treatment induced expression of IL-1� in the kidney.
Basal expression of IL-1� was relatively weak (20- to 25-fold
lower) in this tissue compared with the colon, and DSS-
induction of kidney IL-1� was unaffected by Cyp27b1 ge-
notype. Predictably, levels of IL-1� were highest in the
spleen. This was unaffected by Cyp27b1 knockout but was
decreased in Cyp27b1 �/� mice following DSS treatment in
contrast to �/� mice, which showed no change in
expression.

IL-10, a cytokine associated with suppressor or regulatory
T-cell function (13, 14), was strongly expressed in the spleen
but was also detectable in the small intestine and proximal
and distal colon (Fig. 7B). Like IL-1�, basal levels of IL-10 in
these tissues were unaffected by Cyp27b1 knockout. Fur-
thermore, like IL-1�, DSS-treatment potently induced IL-10
levels in the proximal and distal colon of Cyp27b1 �/� mice
(5- and 10-fold, respectively), with a similar level of induction
being observed in the kidneys of Cyp27b1 �/� mice (6-fold).
By contrast, DSS treatment had no significant effect on IL-10
expression in the kidney or proximal colon of Cyp27b1 �/�
mice, but in the distal colon of these mice there was a greater
induction of IL-10 with DSS. Consistent with observations for
IL-1�, expression of IL-10 in the small intestine was unaf-

FIG. 5. Tissue-specific alterations in Cyp27b1
expression and activity in DSS-treated mice.
Panel A, Real-time RT-PCR analysis of Cyp27b1
mRNA in kidney, spleen, small intestine (small
int.), proximal colon (prox. colon), and distal colon
(dist. colon) from Cyp27b1 �/� mice treated with
regular water (control, dark bars) or water with
2.5% DSS (DSS, gray bars). Data shown are the
mean fold-change in Cyp27b1 expression relative
to control kidney tissue (mean value � 1) � SD.
Statistical analysis of real-time RT-PCR data
were carried out using raw �Ct values (not
shown), which were used to generate p values for
statistically significant differences compared
with water control mRNA expression (shown for
each tissue). Panel B, Levels of serum 25OHD3
and 1,25(OH)2D3 in Cyp27b1 �/� and �/� mice
receiving regular control water (C) or water with
DSS. n � 5 mice for all treatments. **, Statisti-
cally different from water control, P � 0.01; *,
statistically different from water control, P �
0.05. Data analyzed by ANOVA.
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fected by either Cyp27b1 knockout or DSS-treatment but was
potently suppressed by a combination of the two. Treatment
with DSS also suppressed expression of IL-10 in the spleen
and this was unaffected by Cyp27b1 genotype.

IL-17 is another cytokine that has been implicated in the
pathophysiology of inflammatory bowel disease (29) and,
consistent with previous studies (30), its expression was po-
tently induced in the distal colon of DSS-treated mice (Fig.
7C). However, this effect was much stronger in Cyp27b1
�/� mice compared with �/� mice. Likewise, in the prox-
imal colon of Cyp27b1 �/� mice, DSS treatment resulted in
no significant increase in IL-17 expression, whereas �/�
mice showed a significant induction. In the kidneys and

spleen of �/� and �/� mice, a different trend in IL-17
expression was observed, with the cytokine being sup-
pressed following DSS treatment. It was also interesting to
note that, while differences in expression of IL-1� and IL-10
were only noted following treatment with DSS, levels of
IL-17 in the small intestine were enhanced in control as well
as DSS-treated Cyp27b1 �/� mice (Fig. 7C).

Expression of TLR2 was relatively weak in the small in-
testine and proximal colon when compared with the spleen
(30- to 60-fold lower, data not shown), and this was unaf-

FIG. 6. Tissue-specific alterations in the expression of VDR and
Cyp24 in DSS-treated mice. Real-time RT-PCR analysis of (panel A)
VDR and (panel B) Cyp24 mRNA in kidney, spleen, small intestine,
proximal colon (prox. colon), and distal colon from Cyp27b1 �/� and
�/� mice treated with regular water (control, dark bars) or water with
2.5% DSS (DSS, gray bars). Data shown are the mean fold-change in
gene expression relative to water control for each specific tissue (mean
value � 1) � SD. Statistical analysis of real-time RT-PCR data were
carried out using raw �Ct values (not shown). n � 5 mice for all
treatments. Statistically significant difference in mRNA expression
between equivalent samples from water control and DSS-treated an-
imals is shown as follows: *, P � 0.05; **, P � 0.01; ***, P � 0.001.
Statistically significant difference in mRNA expression between
equivalent samples from Cyp27b1 �/� and �/� mice is shown as
follows: #, P � 0.05; ##, P � 0.01; ###, P � 0.001. Statistically sig-
nificant difference in mRNA expression between DSS-treated
Cyp27b1 �/� mice and control �/� mice is shown as follows: a, P �
0.05; b, P � 0.01; c, P � 0.001. Data analyzed by ANOVA.

FIG. 7. Tissue-specific alterations in cytokine expression in DSS-
treated mice. Real-time RT-PCR analysis of (panel A) IL-1�, (panel B)
IL-10, (panel C) IL-17 mRNA in kidney, spleen, small intestine (small
int.), proximal colon (prox. colon), and distal colon (dist. colon) from
Cyp27b1 �/� and �/� mice treated with regular water (control, dark
bars) or water with 2.5% DSS (DSS, gray bars). Data shown are the
mean fold-change in gene expression relative to water control for each
specific tissue (mean value � 1). Statistical analysis of real-time
RT-PCR data were carried out using raw �Ct values (not shown). n �
5 mice for all treatments. Statistically significant difference in mRNA
expression between equivalent samples from water control and DSS-
treated animals is shown as follows: *, P � 0.05; **, P � 0.01; ***, P �
0.001. Statistically significant difference in mRNA expression be-
tween equivalent samples from Cyp27b1 �/� and �/� mice is shown
as follows: #, P � 0.05; ##, P � 0.01; ###, P � 0.001. Statistically
significant difference in mRNA expression between DSS-treated
Cyp27b1 �/� mice and control �/� mice is shown as follows: a, P �
0.05; b, P � 0.01; c, P � 0.001. Data analyzed by ANOVA.
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fected by DSS-treatment or ablation of the CYP27b1 gene
(Fig. 8A). However, expression of TLR2 was stronger in the
distal colon (10- to 20-fold higher, data not shown) and this
was further enhanced in Cyp27b1 �/� mice following
DSS treatment (2.5-fold, P � 0.012) (Fig. 8A). By contrast,
the Cyp27b1 �/� mice did not exhibit DSS-induction of
TLR2 in the distal colon. Similar data were also obtained
for TLR4, with low levels of expression for this gene in the
kidney, small intestine and proximal colon relative to
the spleen (data not shown). TLR4 levels were higher in the
distal colon of Cyp27b1 �/� and �/� mice (20- to 30-
fold, data not shown) and, as with TLR2, treatment with

DSS further induced TLR4 in the distal colon of �/� mice
but not �/� mice (Fig. 8B).

Conclusions

Several strands of evidence have implicated vitamin D in
the dysregulated immune responses that are characteristic of
inflammatory bowel disease (IBD). Firstly, recent epidemi-
ology suggests that patients with IBD have an impaired
vitamin D status, as represented by serum levels of the major
circulating form of vitamin D, 25OHD3 (31–36). Secondly,
studies using various animal models indicate that
1,25(OH)2D3 signaling via the VDR plays a crucial role in the
pathophysiology of IBD (37–39). Finally, in addition to its
expression by macrophages and DCs (19, 20), CYP27b1 has
been detected in the human colon (26), with the vitamin
D-activating enzyme being up-regulated in disease-affected
tissue from patients with Crohn’s disease (40). In the case of
the latter, dysregulated colonic expression of CYP27b1 was
associated with increased circulating levels of 1,25(OH)2D3
indicating that localized synthesis of this vitamin D metab-
olite can spill over into the general circulation under condi-
tions of persistent disease (40). Collectively these observa-
tions suggest: 1) That there is local conversion of 25OHD3 to
1,25(OH)2D3 in the colon, possibly as protective mechanism
for this barrier site; 2) In patients with low vitamin D
(25OHD3) status, this protective mechanism maybe compro-
mised leading to IBD; 3) Under conditions of persistent co-
lonic inflammation local metabolism of 25OHD3 becomes
dysregulated, leading to ancillary clinical problems. To in-
vestigate further the role of renal and extra-renal synthesis of
1,25(OH)2D3 in the pathophysiology of IBD, we studied the
effect of experimentally induced colitis on local and systemic
vitamin D metabolism in both wild-type and Cyp27b1
knockout mice.

The induction of Cyp27b1 in the colon of DSS-treated mice
was consistent with the elevated expression of this enzyme
reported previously in patients with Crohn’s disease (40). In
both cases, elevated expression of CYP27b1/Cyp27b1 was
particularly evident in granulomatous or lymphoid tissue,
suggesting that increased levels of the enzyme are due to the
presence of cells from the immune system, such as macro-
phages. However, in contrast to the situation in humans,
DSS-induced expression of colonic Cyp27b1 in mice was
associated with decreased serum levels of 1,25(OH)2D3 (see
Figs. 2C and 5B), presumably as a consequence of the lower
levels of renal Cyp27b1 in these animals (Fig. 5A). This di-
chotomy between renal and extra-renal CYP27b1 with in-
flammatory disease has been demonstrated previously. In
patients with rheumatoid arthritis, serum levels of
1,25(OH)2D3 are negatively correlated with disease activity
(41), and further studies have highlighted the capacity for
suppression of CYP27b1 in renal cells by the inflammatory
mediator nuclear factor-�B (42). By contrast, macrophages
from the affected synovial fluid of rheumatoid arthritis pa-
tients have profoundly elevated levels of CYP27b1 activity
(43), underlining the similarity between this disorder and the
local vs. endocrine metabolism of vitamin D in DSS-treated
mice. The systemic inhibitor of renal Cyp27b1 associated
with DSS-treatment remains to be elucidated. However, the

FIG. 8. Tissue-specific alterations in toll-like receptor expression in
DSS-treated mice. Real-time RT-PCR analysis of (A) toll-like receptor
2 (TLR2), (B) toll-like receptor 4 (TLR4) mRNA in kidney, spleen,
small intestine (small int.), proximal colon (prox. colon), and distal
colon (dist. colon) from Cyp27b1 �/� and �/� mice treated with
regular water (control, dark bars) or water with 2.5% DSS (DSS, gray
bars). Data shown are the mean fold-change in gene expression rel-
ative to water control for each specific tissue (mean value � 1). Sta-
tistical analysis of real-time RT-PCR data were carried out using raw
� Ct values (not shown). n � 5 mice for all treatments. Statistically
significant difference in mRNA expression between equivalent sam-
ples from water control and DSS-treated animals is shown as follows:
*, P � 0.05; **, P � 0.01; ***, P � 0.001. Statistically significant
difference in mRNA expression between equivalent samples from
Cyp27b1 �/� and �/� mice is shown as follows: #, P � 0.05; ##, P �
0.01; ###, P � 0.001. Statistically significant difference in mRNA
expression between DSS-treated Cyp27b1 �/� mice and control �/�
mice is shown as follows: a, P � 0.05; b, P � 0.01; c, P � 0.001. Data
analyzed by ANOVA.
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presence of elevated levels of IL-1� in the kidneys of these
mice (see Fig. 7A) coupled with the previously reported renal
cell suppressive effects of a downstream mediator of IL-1�,
nuclear factor-�B (42), indicates that inflammatory cytokines
are potential candidates.

The functional significance of DSS-induced expression of
Cyp27b1 in the proximal colon remains unclear. In particu-
lar, it was interesting to note that this effect on Cyp27b1
expression was restricted to the proximal colon where DSS-
induced colitis was relatively low (see Fig. 4B). By contrast,
higher levels of colitis were observed in the distal colon but
this was not associated with increased expression of
Cyp27b1. A possible explanation for these observations is
that higher basal levels of Cyp27b1 in the distal colon provide
a constitutive, localized source of 1,25(OH)2D3 even in the
absence of any disease. This is clearly different to the innate
immunity mechanisms recently described for human mac-
rophages (21), and keratinocytes (9) where CYP27b1 is spe-
cifically induced by bacterial TLR agonists and tissue injury,
respectively. In view of the fact that the gastrointestinal tract
is constantly exposed to enteric bacteria, constitutive expres-
sion of Cyp27b1 in the colon may provide a more effective
mechanism for maintaining vitamin D-regulated innate im-
mune surveillance at this barrier site. Because knockout of
Cyp27b1 was associated with increased colitis in both the
proximal and distal colon, constitutive production of
1,25(OH)2D3 may contribute to barrier function at both sites.

Another scenario is that the effects of 1,25(OH)2D3 on
DSS-induced colitis in mice involve autocrine and/or endo-
crine responses. However, although circulating levels of
1,25(OH)2D3 are suppressed following treatment with DSS,
it is difficult to determine the relative tissue function of local
vs. systemic production of 1,25(OH)2D3. Analysis of the key
vitamin D target gene Cyp24 showed that expression was
significantly decreased in the kidney and all parts of the
colon in control Cyp27b1�/� mice. This confirms that all of
these tissues are targets for 1,25(OH)2D3 but does not clarify
the source of Cyp27b1 activity. Interestingly, expression of
Cyp24 was significantly induced by DSS in the proximal but
not distal colon (Fig. 5B). Given that Cyp27b1 was also
induced at this site, it is possible that induction of Cyp24
occurs in response to enhanced localized production of
1,25(OH)2D3. However, the fact that a similar induction of
Cyp24 was also observed in the proximal colon of DSS-
treated Cyp27b1 �/� mice suggests that a 1,25(OH)2D3-
independent mechanism is more likely.

In contrast to the VDR, which showed relatively modest
changes in expression after DSS treatment, the alterations in
Cyp27b1 levels appear complex. As outlined above, we have
postulated that the suppression of renal Cyp27b1 during
DSS-induced colitis may be due to the effects of systemic
inflammation and this mechanism may also explain the strik-
ing suppression of both Cyp27b1 and VDR in spleens from
DSS-treated mice (see Figs. 5A and 6A). Previous studies
have shown that DSS-induced colitis is associated with in-
creased spleen size (44), as well as profound changes in
splenic protein metabolism (45). Despite this, the spleen does
not appear to be important for the progression of DSS-in-
duced colitis (46), or translocation of enteric bacteria (47). It
is unclear what role, if any, splenic Cyp27b1 plays in the

pathophysiology of DSS-induced colitis in mice. However, in
view of the fact that most of the target genes assessed in this
study showed decreased expression in spleens after DSS
treatment, a likely scenario is that the effects on Cyp27b1 and
VDR are not specific.

The mechanism for increased expression of Cyp27b1 in the
proximal colon also remains to be clarified. In macrophages
(21, 48) and epithelial cells (9, 49), the enzyme is potently
induced by ligands to TLR2 and TLR4. Both of these recep-
tors along with several other TLRs have been detected in the
human and mouse intestine where they play an integral role
in initiating immune responses following colonic barrier
challenge (50, 51). However, the heterogeneity of cell types
expressing TLRs within the gastrointestinal tract (51), means
that it is difficult to define precisely which receptor is in-
volved in stimulating Cyp27b1 expression. Immunohisto-
chemical analyses presented here (Fig. 3) indicate that under
basal conditions, the enzyme is located predominantly
within intestinal epithelial cells that are known to express
relatively weak levels of TLR2 and TLR4 (52). Moreover,
levels of mRNA for TLR2 and TLR4 were potently up-reg-
ulated in the distal colon of DSS-treated mice (Fig. 8) without
any apparent effect on Cyp27b1 expression (Fig. 5A). Thus,
it is possible that DSS-induced enhancement of colonic
Cyp27b1 occurs via an alternative pathogen recognition re-
ceptor, such as TLR5, which is functionally active in intestinal
epithelial cells (53). Another possibility is that induction of
colonic Cyp27b1 occurs via a TLR-independent mechanism.
Recent elegant studies using keratinocytes have shown that
Cyp27b1 expression by these cells is up-regulated following
epidermal injury via a transforming growth factor-�-medi-
ated pathway (9), and it is tempting to speculate that a similar
mechanism is involved in stimulating colonic expression of
Cyp27b1 following DSS-induced injury. However, immuno-
histochemistry (see Fig. 3) shows that DSS induction of
Cyp27b1 in the proximal colon occurs primarily in lymphoid
patches. Although inconsistent with the epithelial wounding
model, this is reminiscent of the enhanced levels of CYP27b1
in granulomata from patients with Crohn’s disease (40).

Previous studies using VDR knockout mice indicate that
the increased susceptibility of these mice to DSS-induced
colitis involves dysregulated expression of colonic cytokines
(38) and proteins linked to the integrity of tight junctions (37).
Here we show that ablation of the Cyp27b1 gene in mice also
results in enhanced sensitivity to DSS-induced colitis. In
common with the VDR knockout mouse, the increased sen-
sitivity of Cyp27b1 knockout mice to DSS was associated
with dysregulation of key cytokines involved in adaptive
immunity. Of particular note was the divergent regulation of
IL-10 and IL-17 in the proximal colon. Knockout mice for
IL-10 are known to have increased susceptibility to colitis
(54), whereas transgenic overexpression of IL-10 protects
against colitis (55). Other studies have shown that IL-10 is
enhanced in the colon of DSS-treated mice (56), suggesting
that the cytokine may be induced as part of a mechanism to
protect against colitis. As such, the absence of this mecha-
nism in the proximal colon of DSS-treated Cyp27b1 knockout
mice may be crucial in sensitizing these animals to colitis,
particularly as vitamin D is known to promote the generation
of IL-10 secreting regulatory T cells (13, 14). Recent reports
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have also implicated vitamin D as an attenuator of the in-
flammatory cytokine IL-17 in another mouse model of colitis
(57), suggesting that suppression of TH17 cells may be an-
other pivotal target for vitamin D in protecting against colitis.
It was therefore interesting to note that levels of IL-17 mRNA
were significantly enhanced in the proximal colon of DSS-
treated Cyp27b1 knockout mice but not heterozygous mice
(see Fig. 7C).

One of the key recent developments in our understanding
of inflammatory bowel disease has been the recognition that
microbial-innate immune interactions are crucial to the tran-
sition from normal commensal interaction with enteric bac-
teria to pathological inflammation (58). The recognition of,
and response to, pathogens by TLRs has been shown to be
a pivotal step in controlling gastrointestinal innate immu-
nity, with TLR2 and TLR4 being particularly important (51).
Both receptors were induced in the distal colon of Cyp27b1
heterozygous mice following treatment with DSS (see Fig. 8),
consistent with previous studies using wild-type mice (59),
but this effect was not observed in Cyp27b1 knockout mice.
In view of the fact that expression of TLR4 appears to be
essential for normal innate immune responsiveness in DSS-
induced colitis (60), it seems likely that the dysregulation of
TLR expression in Cyp27b1 mice knockout will play a sig-
nificant role in the increased susceptibility of these animals
to colitis. As outlined above, these data are consistent with
the proposed role of local synthesis of 1,25(OH)2D3 as a
regulator of TLR expression in the skin following epidermal
injury (9). As yet, it is uncertain whether similar patterns of
TLR regulation are associated with mouse models of IBD and
this will be a key objective of future studies.

In conclusion, data presented here provide further evi-
dence of a role for vitamin D in protecting against inflam-
matory bowel disease via the barrier actions of 1,25(OH)2D3.
Inability to produce this active form of vitamin D either
locally, systemically or both, compromises both innate and
adaptive immune responses in the gastrointestinal tract with
resulting susceptibility to colitis. Several key questions re-
main to be answered, in particular whether similar results
will also be obtained using vitamin D-deficient animals
rather than VDR or Cyp27b1 knockouts. Likewise, it will be
important to determine whether other mouse models of in-
flammatory bowel disease are more reflective of patients
with Crohn’s disease. In contrast to the human disease, DSS
colitis does not appear to involve cells from the adaptive
immune (61), raising the possibility that T or B cells are
required to manifest the pathological over-production of
1,25(OH)2D3 that is frequently observed with Crohn’s pa-
tients (40). Finally, by using established TLR knockout mice,
it will be possible to assess whether or not these receptors are
central to the regulation of Cyp27b1 in the colon or whether
other injury mechanisms are involved.
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