CALCIUM-REGULATING HORMONES
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Vitamin D insufficiency is a global health issue. Although classically associated with rickets, low
vitamin D levels have also been linked to aberrant immune function and associated health prob-
lems such as inflammatory bowel disease (IBD). To test the hypothesis that impaired vitamin D
status predisposes to IBD, 8-wk-old C57BL/6 mice were raised from weaning on vitamin D-deficient
or vitamin D-sufficient diets and then treated with dextran sodium sulphate (DSS) to induce colitis.
Vitamin D-deficient mice showed decreased serum levels of precursor 25-hydroxyvitamin D5 (2.5 =
0.1 vs. 24.4 = 1.8 ng/ml) and active 1,25-dihydroxyvitamin D5 (28.8 + 3.1 vs. 45.6 * 4.2 pg/ml),
greater DSS-induced weight loss (9 vs. 5%), increased colitis (4.71 = 0.85 vs. 1.57 + 0.18), and
splenomegaly relative to mice on vitamin D-sufficient chow. DNA array analysis of colon tissue (n =
4 mice) identified 27 genes consistently (P < 0.05) up-regulated or down-regulated more than
2-fold in vitamin D-deficient vs. vitamin D-sufficient mice, in the absence of DSS-induced colitis. This
included angiogenin-4, an antimicrobial protein involved in host containment of enteric bacteria.
Immunohistochemistry confirmed that colonicangiogenin-4 protein was significantly decreased in
vitamin D-deficient mice even in the absence of colitis. Moreover, the same animals showed ele-
vated levels (50-fold) of bacteria in colonic tissue. These data show for the first time that simple
vitamin D deficiency predisposes mice to colitis via dysregulated colonic antimicrobial activity and
impaired homeostasis of enteric bacteria. This may be a pivotal mechanism linking vitamin D status
with IBD in humans. (Endocrinology 151: 2423-2432, 2010)

mpaired vitamin D status has long been recognized as a

complication of inflammatory bowel disease (IBD) and
Crohn’s disease in particular (1-6). For many years, this
was considered to be due primarily to dietary malabsorp-
tion after gastrointestinal (GI) inflammation (7-9). As a
result, the principal clinical challenge for IBD patients
with vitamin D deficiency has been the management of
associated bone disease (10). However, more recent stud-
ies have shed new light on the link between vitamin D and
IBD. In particular, it has been hypothesized that dysregu-
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lation of vitamin D function may contribute to the patho-
genesis of IBD, whereas concommitantly, vitamin D sup-
plementation may provide a novel prevention or treatment
strategy for this prevalent health problem.

Several strands of evidence support a more causal role for
vitamin D status in IBD. In the first instance, recent studies
have underlined the potent effects of vitamin D as a modu-
lator of both innate and adaptive immunity (11, 12). These
actions appear to depend on local (intracrine or paracrine) con-
version of prohormone 25-hydroxyvitamin D5 (250HD;) to

Abbreviations: Ang4, Angiogenin-4; Agp4, aquaporin4; DSS, dextran sodium sulfate; Gl,
gastrointestinal; IBD, inflammatory bowel disease; IFN, interferon; IL-7R, IL-7 receptor;
NOD2, nucleotide-binding oligomerization domain-containing 2; 250HD3, 25-hydroxyvi-
tamin D3; 1,25(0OH),D3, 1,25-dihydroxyvitamin Ds; TLR, toll-like receptor; VDR, vitamin D
receptor.
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active 1,25-dihydroxyvitamin D5 [1,25(OH),D5] (13). Given
that 250HD; is the major circulating form of vitamin D,
it is likely that impaired vitamin D status will compromise
the immune activity of vitamin D (11, 12). This has been
postulated as a susceptibility factor for infectious diseases
such as tuberculosis (14), but decreased serum 250HD,
has also been linked to autoimmune diseases such as type
1 diabetes (15) and multiple sclerosis (16). A role for vi-
tamin D in IBD is also supported by recent studies showing
that 1,25(OH),D; is a potent stimulator of nucleotide-
binding oligomerization domain-containing 2 (NOD2),
an important pattern recognition receptor within the im-
mune system (17). NOD2 deficiency due to mutations in
its gene has been linked to the pathogenesis of Crohn’s
disease (18-20), a form of IBD, but it now appears that
impaired NOD2 function may also occur under condi-
tions of vitamin D deficiency.

A functional role for vitamin D in IBD is further endorsed
by expression of the enzyme 1a-hydroxylase (CYP27B1)
by macrophages (13), dendritic cells (21), and colonic
epithelial cells (22). CYP27B1 catalyzes the conversion of
250HD; to 1,25(0OH),D; and is therefore essential for
tissue-specific responses to alterations in vitamin D status.
Moreover, previous studies from our group have shown
that expression of CYP27B1 is up-regulated in disease-
affected tissue from patients with Crohn’s disease (23). In this
case, dysregulated colonic expression of CYP27b1 was as-
sociated with increased circulating levels of 1,25(OH),D;,
indicating that localized synthesis of this metabolite can
spill over into the general circulation under conditions of
persistent disease (23).

Animal models have also supported a link between vi-
tamin D and IBD. Knockout mice for the gene encoding
the receptor for 1,25(OH), D5 [vitamin D receptor (VDR)]
are more susceptible to experimental forms of colitis (24—
28). In a similar fashion, we have shown recently that
CYP27B1 knockout mice are also more susceptible to co-
litis (29). However, as yet, there have been no equivalent
studies to assess the impact of impaired vitamin D status
on animal models of IBD. In view of the fact that local
synthesis of 1,25(OH),Dj in the colon can act to support
immunomodulation at this barrier site, we hypothesized
thatlow vitamin D (250HD;) status may compromise this
immunity, leading to IBD. In the current study, we have
tested this hypothesis by inducing experimental colitis in
mice raised on normal or vitamin D-deficient diets.

Materials and Methods

Animals
The Institutional Animal Care and Use Committee at the Uni-
versity of California Los Angeles approved the protocol for the
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use of mice in the study. Weight and sex matched 3-wk-old
C57BL/6 mice (The Jackson Laboratories, West Sacramento,
CA) were either raised on a normal diet (n = 16) or vitamin
D-deficient diet (n = 16) for 6 wk. All diets were procured from
Research Diets, Inc. (New Brunswick, NJ). Some tissues were
obtained from C57BL/6 mice (The Jackson Laboratories) main-
tained at Cedars-Sinai Medical Center on sufficient or vitamin D
deficient diets.

Experimental colitis

Colitis was induced in mice by administration of 2.5% dex-
tran sodium sulfate (DSS) in drinking water ad libitum for 6 d,
after which the mice were resumed on water for the remainder of
the experiment. Mice receiving only tap water served as controls.
Body weight and animal symptoms, including the extent of di-
arrhea and rectal bleeding, were closely monitored during and
after DSS treatment.

Tissue collection and analysis

Immediately after killing, blood was removed from mice by
cardiac puncture, and the resulting serum stored at —80 C before
analysis of circulating levels of 250OHD; and 1,25(OH),D; (B.
Hollis; Medical University of South Carolina, Charleston, SC).
Serum calcium levels were determined by atomic absorption
spectroscopy (University of California Los Angeles Department
of Pathology). Small and large intestines were also removed from
killed mice, washed to remove fecal matter, and then either: 1)
preserved in 10% formaldehyde before embedding in paraffin
blocks; 2) divided into sections corresponding to small intestine,
proximal colon (caecum to midtransverse colon) and distal colon
(midtransverse colon to anus), then snap frozen. Kidneys and
spleen were also snap frozen before RNA extraction.

Clinical colitis scores

Assessment of mouse health was determined by quantifying
body weight loss, stool consistency (diarrhea), hemoccult posi-
tivity, or gross bleeding as described previously (30). Briefly, no
weight loss was scored as 0, weight loss of 1-5% from baseline
as 1, 5-10% as 2, 10-20% as 3, and more than 20% as 4. For
stool consistency, a score of 0 points was assigned for well-
formed pellets, 2 points for pasty and semiformed stools that did
not adhere to the anus, and 4 points for liquid stools that did
adhere to the anus. For bleeding, a score of 0 points was assigned
for no blood, 2 points for positive hemoccult, and 4 points for
gross bleeding. These scores were added together and divided by
three, resulting in a total clinical score ranging from 0 (healthy)
to 4 (maximal activity of colitis).

Histological colitis scoring

Postmortem, the entire colon was removed, from the cecum
to the anus, and colon length and weight measured as markers of
inflammation. A segment of the proximal and distal colon was
fixed in 10% formalin, processed, and embedded in paraffin;
4-um-thick sections of this tissue were stained with hematoxylin
and eosin. Histological scoring was performed in a blinded
fashion by a pathologist, with a combined score for inflam-
matory cell infiltration (score, 0-3), ulceration, and tissue
damage (score, 0-3). The presence of occasional inflamma-
tory cells in the lamina propria was assigned a value of 0, in-
creased numbers of inflammatory cells in the lamina propria as
1, confluence of inflammatory cells, extending into the submu-
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cosa, as 2, and transmural extension of the infiltrate as 3. For
tissue damage, no mucosal damage was scored as 0, discrete
lymphoepithelial lesions were scored as 1, surface mucosal ero-
sion or focal ulceration was scored as 2, and extensive mucosal
damage and extension into deeper structures of the bowel wall
were scored as 3. The scores for each piece of tissue were totalled
and divided by the number of pieces. The combined histological
score ranged from 0 (no changes) to 6 (extensive cell infiltration
and tissue damage).

Flow cytometry

Spleens were pressed through a nylon cell strainer to isolate
single cell suspensions. Cells were washed twice and counted
before analysis for flow cytometry. Flow cytometry followed
routine procedures, using 1 X 10° cells per sample. The cells were
preincubated with Mouse T Lymphocyte Subset Antibody Cock-
tail (PE-Cy7 CD3e, PE CD4, and FITC CD8) and FITC anti-
mouse CD19 (BD Pharmingen, San Diego, CA) for 20 min on ice.
Staining with biotinylated antibody was followed by staining
with respective streptavidin (BD Pharmingen). Flow cytometric
analysis was conducted on a BD-LSR I Analytic Flow Cytometer
(Becton Dickinson, Mountainview, CA) and analyzed by using
the BD CELLQUEST analysis program (Becton Dickinson).

Quantitative real-time RT-PCR amplification of
cDNAs

RNA was extracted from mouse tissues using the RNeasy Total
RNA extraction kit as detailed by the manufacturer (QIAGEN,
Valencia, CA) and 1.5 pg aliquots used for cDNA synthesis by
Superscript I RT and oligo-dT and random hexamer primers
(Invitrogen, Carlsbad, CA) according to the manufacturer’s
recommendations. Quantitative real-time RT-PCR was per-
formed in a Stratagene cycler (Stratagene, La Jolla, CA), using
TagMan probes and primers (Applied Biosystems, Foster City,
CA). Expression of mRNAs for mouse Cyp27b1, IL-1e, IL-
10, IL-17, and interferon (IFN)y was assessed using the fol-
lowing TagMan mouse gene expression assays: CYP27bl
(Mm01165922), IFNy (Mm00801778_m1), IL-1 (00439620),
IL-10 (Mn00439616), IL-17 (Mm00439619), and 18S rRNA
(4352339E) (Applied Biosystems). Aliquots (50 ng) of cDNA
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 each
target gene expression was normalized to 18S rRNA expression.
The relative amount of target gene in each sample was estimated
using the AC; method as described previously (29).

DNA microarray analysis of differential gene
expression

RNA extracted from colon tissue of control and vitamin D-
deficient mice (n = 4) was used to define differential gene ex-
pression under conditions of impaired vitamin D status. Af-
fymetrix mouse 430 2.0 arrays were probed using the resulting
c¢DNA samples and differentially expressed genes detected using
a fold change cut-off (=2) and multiple testing correction (P =
0.05). Preprocessing (background correction and normaliza-
tion), detection of differentially expressed genes, and cluster
analysis were performed using dChip software. Validation of
nine differentially expressed genes was performed using real-
time PCR as described below using specific TagMan (Applied
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Biosystems) probes and primers (see Supplemental Table 1 pub-
lished on The Endocrine Society’s Journals Online web site at
http://endo.endojournals.org).

Real-time PCR measurement of bacterial DNA

DNA was extracted from colonic tissues (DNAeasy kit;
QIAGEN) after washing to remove residual feces. For the quan-
tification of bacterial, a pair of universal primers specific for
conserved regions of 16S rDNA [TagMan primers and probes
from Applied Biosystems: forward primer, 5'-tcctacgggaggcag-
cagt-3'; reverse primer, 5'-ggactaccagggtatctaatcctgtt-3’; and
probe, (6-FAM)-5'-cgtattaccgeggetgetggeac-3'-(TAMRA)] were
used to amplify this bacterial gene. Primers specific to 18S rRNA
were used as an endogenous control to normalize loading be-
tween samples. The relative amount of 16S rDNA in each sample
was estimated using the AACt method.

Immunohistochemical analysis of angiogenin-4
(Ang4)

Immunohistochemical analysis of Ang4 protein expression in
paraffin-embedded tissue sections was carried out using methods
described previously (31). Briefly, sections were dewaxed through
a series of xylene and graded ethanol washes, and antigens were
retrieved by 20-min boiling in 10 mwm citrate (pH 6.0). The slides
were stained with anti-Ang4 antiserum (kind gift from Lora
Hooper, University of Texas Southwestern Medical Center,
Dallas, TX). After incubation with peroxidase-conjugated sec-
ondary antibody, signals were visualized with a diaminobenzidine
peroxidase substrate kit (Vector Laboratories, Burlingame, CA).

Statistical analysis
Data were analyzed by Student’s ¢ test or one-way ANOVA

with Fisher’s post hoc test, using Statview version 10.00 for
Windows.

Results

DSS-induced colitis is more severe in vitamin
D-deficient mice

Mice raised from weaning on a vitamin D-deficient diet
for 5§ wk and then treated with tap water for 10 d showed
decreased circulating levels of 250OHD; (2.5 = 0.1 wvs.
24.4 + 1.8 ng/ml, P < 0.001) and 1,25(0H),D; (28.8 +
3.1vs.45.6 = 4.2 pg/ml, P < 0.001) compared with mice
on a vitamin D-sufficient control diet (Fig. 1, A and B). No
significant change in these levels was observed for mice
treated with 2.5 % DSS relative to tap water controls (Fig.
1, A and B). Similarly, none of the changes in serum vita-
min D metabolites observed for mice on the vitamin D-
deficient diet was associated with altered serum levels of
calcium (Fig. 1C).

When treated with 2.5% DSS for 7 d followed by 3 d
of recovery, mice raised on vitamin D-deficient or vi-
tamin D-sufficient diets lost weight relative to tap water
controls. However, this was more pronounced for vi-
tamin D-deficient mice, which showed a maximal weight
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FIG. 1. Serum vitamin D metabolites and calcium in mice raised on
vitamin D-sufficient and vitamin D-deficient diets. A, Serum concentrations
of 250HD5 (25D5) (ng/ml) in C57BL/6 mice raised on vitamin D-sufficient
(normal) or vitamin D-deficient (D-deficient) diets from weaning (wk 4)
until wk 9. At wk 8, mice were exposed to either regular tap water
(control, C) or water with 2.5% dextran sodium sulfate (DSS) for 1 wk. B,
Serum concentrations of 1,25(0H),D5 (1,25D5) (pg/ml). Panel C, Serum
concentrations of calcium (mg/dl). Values are means = sem (n = 8). ***,
Statistically different from corresponding vitamin D-sufficient mice (normal
diet), P < 0.001; **, P < 0.01.

loss of 12.0% = 2.2 on d 7 of DSS treatment compared
with 8.0% = 1.2 for vitamin D-sufficient mice (Fig. 2).
Analysis of parameters of murine health (Fig. 3A), and
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FIG. 2. DSS-induced weight loss in mice raised on vitamin D-sufficient
and vitamin D-deficient diets. Eight-week-old mice raised on vitamin
D-sufficient (normal) or vitamin D-deficient (D-deficient) diets were
exposed to either regular tap water (C) or water with 2.5% DSS.
Changes in body weight for DSS-treated mice relative to control (tap
water) equivalents for mice raised on vitamin D-sufficient (normal,filled
circles) and vitamin D-deficient (D-deficient, open circles) diets (%
change).
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FIG. 3. DSS-induced colitis in mice raised on vitamin D-sufficient and
vitamin D-deficient diets. Eight-week-old mice raised on vitamin
D-sufficient (normal) or vitamin D-deficient (D-deficient) diets were
exposed to either regular tap water (C) or water + DSS. A, Animal
health as determined by clinical scores. B, Histological scoring of colitis
using colonic tissue sections. C—F, Example H&E staining for vitamin
D-sufficient mice receiving tap water (control) (C) and vitamin
D-sufficient mice receiving water with 2.5% DSS (control + DSS) (D).
Arrow indicates immune infiltrate, double-lined arrow indicates loss of
colonic epithelial morphology. E, Vitamin D-deficient mice receiving
tap water (D-deficient). F, Vitamin D-deficient mice receiving water
with 2.5% DSS (D-deficient + DSS). Values are means = sem (n = 8).
**% Statistically different from corresponding vitamin D-sufficient mice
(normal diet), P < 0.001; **, P < 0.01.

colonic histology (Fig. 3B), demonstrated increased sever-
ity of colitis in DSS-treated vitamin D-deficient mice rel-
ative to DSS-treated vitamin D-sufficient mice. There was
no difference in colitis scoring between vitamin D-defi-
cient and vitamin D-sufficient mice treated with tap water
(Fig. 3, A and B). H&E staining of colonic sections re-
vealed the presence of severe ulceration, granulation, and
inflammation in DSS-treated mice on the vitamin D-suf-
ficient diet (Fig. 3D). This was exacerbated still further in
DSS-treated vitamin D-deficient mice, with extensive in-
flammatory infiltration being evident (Fig. 3F).

Vitamin D deficiency in mice leads to altered
splenic function

Mice raised on vitamin D-sufficient or vitamin D-defi-
cient diets showed increased splenic weight when treated
with DSS (Fig. 4). This was accompanied by altered ex-
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FIG. 4. Dysregulation of splenic cytokines in mice raised on vitamin D-
sufficient and vitamin D-deficient diets. Wild-type C57BL/6 mice were
raised on either a normal diet or vitamin D-deficient chow from weaning
until 9 wk of age when they were treated either with regular water or
water + dextran sodium sulfate (DSS). Data show changes in: 1) spleen
weight, 2) mRNA expression for IL-1«, 3) IL-17, 4) Cyp27b1, 5) IL-10, and
6) IFN+y. Values are means = sem (n = 8). ***, Statistically different from
corresponding vitamin D-sufficient mice (normal diet), ***, P < 0.001; **,
P < 0.01; *, P< 0.05.

pression of mRNAs for key inflammatory cytokines such
as IL-1, IL-10, IL-17, and TFN'y, as well as expression of
the vitamin D-activating enzyme CYP27B1 (Fig. 4). In the
absence of DSS, the vitamin D-deficient diet had no effect
on splenic weight but nevertheless led to a pronounced
suppression of cytokine expression. To investigate further
these effects of altered vitamin D status, flow cytometry
was carried out using cells isolated from mouse spleens.
Data in Fig. 5 revealed elevated levels of CD3+, CD4+,
CD8+, and CD19+ cells in spleens from vitamin D-de-
ficient mice in the absence of any DSS challenge.

Analysis of the effects of vitamin D-deficiency on
colonic gene expression

In view of the fact that vitamin D deficiency alone was
sufficient to alter splenic gene expression and cell composi-
tion (Figs. 4 and 5), we postulated that similar changes could
also occur in the colon. Colonic RNA from vitamin D-suf-
ficient and vitamin D-deficient mice (in the absence of DSS
treatment) was used in DNA array analyses to define genes
with either increased or decreased expression under condi-
tions of impaired vitamin D status. Quantification of n = 4
samples from each group of samples revealed 27 genes with
a statistically significant more than 2-fold altered expression
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FIG. 5. Severe IBD in vitamin D deficient mice is associated with
significantly altered T-cell and B-cell proportions. Splenocytes from
mice raised on either a normal or vitamin D-deficient diet treated with
or without dextran sodium sulfate (DSS) were analyzed by flow
cytometry for expression of T-cell (CD3), B-cell (CD19), and T-cell
subset (CD4 and CD8) makers. Data are shown as the percentage of
cells positive for each marker.

in vitamin D-deficient colon tissue relative to vitamin D-suf-
ficient mice (Table 1). Of these, six were assessed by real-time
RT-PCR to validate differential mRNA expression, with lev-
els in colonic tissue compared with kidney and spleen (Fig. 6).
A further 229 genes showed more than 1.5-fold altered ex-
pression in vitamin D-deficient colon tissue relative to vita-
min D-sufficient mice (see Supplemental Table 2). Of these,
three were validated for differential mRNA expression (Sup-
plemental Fig. 1).

Colonic expression of Ang4 is decreased in vitamin
D-deficient mice

To further characterize altered expression of the anti-
microbial protein Ang4 associated with vitamin D defi-
ciency, immunohistochemistry was carried out using sec-
tions of mouse colon (Fig. 7, A-D). Quantification of
Ang4 expression showed that colonic expression of this
protein was down-regulated by treatment with DSS (Fig.
7E). However, staining for Ang4 was even lower in vita-
min D-deficient mice receiving either regular tap water
(control) or DSS (Fig. 7E).

Vitamin D-deficient mice show increased bacterial
infiltration of colonic tissue

Because Ang4 is known to exhibit bacteriocidal activity
in the Gl tract (31), we reasoned that decreased expression
of this protein in the colon of vitamin D-deficient mice
might lead to homeostatic dysregulation of enteric bacte-
ria in this tissue. Analysis of the presence of 16S rDNA in
colon tissue revealed 50-fold = 20.0 higher levels of bac-
terial infiltration in vitamin D-deficient mice compared
with vitamin D-sufficient mice (Fig. 7F).
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TABLE 1. Differential colonic gene expression in vitamin D-deficient vs. vitamin D-sufficient mice

Gene accession no. Gene name Fold change
1 AK003232 Carbonyl reductase 3 (CBR3) —3.02
2 AV273591 5'-Nucleotidase, ecto (NT5E) —-2.84
3 AW489155 AQP4 —-2.49
4 NM_054084 Calcitonin-related polypeptide, B (CALCB) —2.47
5 AY008277 Chloride channel calcium activated 4 (CLCA4) —2.41
6 NM_024169 FK506 binding protein 11 (FK506BP) —2.37
7 NM_008012 Aldo-keto reductase family 1, member B8 (AKR1B8) —2.36
8 NM_009695 Apolipoprotein C-Il (APOC2) -2.27
9 NM_022324 Stromal cell-derived factor 2-like 1 (SDF2L1) —-2.23
10 NM_013473 Annexin A8 (ANXAS8) —2.22
11 BM214338 RIKEN cDNA 1700019G17 gene —2.2
12 BC019946 Activating transcription factor 3 (ATF3) -2.18
13 NM_026268 Dual specificity phosphatase 6 (DUSP6) =2.17
14 AV060923 Ang4 —2.17
15 BB698398 GTP cyclohydrolase 1 (GTP-CH1) -2.16
16 NM_007675 CEA-related cell adhesion molecule 10 (CEACAM1) —-2.16
17 BC024598 Syntaxin binding protein 6 (amisyn) (STXBP6) —2.1
18 BM241342 Tripartite motif protein 30-like (TRIM30) —-2.08
19 NM_010278 Growth factor independent 1 (GFI1) —2.07
20 L07264 Heparin-binding EGF-like growth factor (HB-EGF) -2.07
21 NM_009034 Retinol binding protein 2, cellular (RBP2) —-2.07
22 BB376947 Transcribed locus —2.07
23 NM_011369 Shc SH2-domain binding protein 1 (SHCBP1) —-2.03
24 AK002622 Phospholamban (PLN) 2.14
25 BB138877 Ataxin 7-like 4 (ATXN7L4) 2.14
26 AF147785 Pleiomorphic adenoma gene-like 1 (PLAGL-1) 2.25
27 BQ175713 RIKEN ¢cDNA D930050A07 gene 2.36

Data show DNA microarray analyses using n = 4 vitamin D-deficient vs. vitamin D-sufficient mice for genes with more than 2-fold differential
expression in the colon of vitamin D-deficient vs. vitamin D-sufficient mice. Genes in bold type were validated by real-time RT-PCR analyses.

Discussion

Immunomodulatory properties of the active form of vitamin
D, 1,25(OH), D5, have been recognized for almost 25 yr, but
it is only recently that these actions have been linked to vari-
ations in vitamin D status. Specifically, the induction of
CYP27B1 and VDR after toll-like receptor (TLR) induction
of monocytes has revealed a sensitive intracrine system that
is entirely dependent on the substrate for CYP27B1, namely
250HD; (13, 32). In this instance, the ability of monocytes
to launch TLR-mediated innate immune activity via the an-
timicrobial protein cathelicidin correlated with donor serum
vitamin D status (2SOHD; concentration) (13, 32). Based on
these and other observations, it has been postulated that sus-
ceptibility to infectious diseases such as tuberculosis may be
increased in patients with suboptimal vitamin D status (33).
In humans, vitamin D deficiency has also been associated
with IBD (1-5). However, the extent to which this is a cause
of IBD or a consequence has yet to be fully clarified. To
determine whether impaired vitamin D status, as opposed to
ablation of VDR or CYP27B1 gene expression, alters sus-
ceptibility to IBD, we have used a mouse model of dietary
vitamin D deficiency in combination with an experimental
colitis protocol. In addition, DNA array analysis to define
genes specifically dysregulated in the colon of vitamin D-

deficient mice has indentified a novel innate immunity target
for vitamin D that may play a pivotal role in microbiota
homeostasis and susceptibility to IBD.

Previous studies have shown that dysregulation of vita-
min D metabolism (29) or receptor signaling (24-28) pre-
disposes mice to experimental IBD. The most commonly em-
ployed model for these studies has been DSS-induced colitis
(24,28,29). Although not fully representative of human IBD
forms such as Crohn’s disease, DSS-induced colitis involves
prevalent innate immune responses (34). Given the link be-
tween vitamin D and stimulation of innate immune activity
(11, 12), we reasoned that this would be an appropriate
model for analysis of response to altered vitamin D status. In
the current study, we have shown that simple deficiency of
the main circulating form of vitamin D, 250HD 3, has similar
effects on DSS-induced colitis as VDR or CYP27B1 gene
knockout. Crucially, even in the absence of experimental
colitis, vitamin D-deficient mice showed dysregulated co-
lonic containment of enteric bacteria, suggesting that this
may be a key mechanism that predisposes these mice to sub-
sequent colitis. Dietary vitamin D restriction in mice resulted
in serum 250HD; concentrations that were less than 20
ng/ml (50 nm) and therefore consistent with human param-
eters for vitamin D “deficiency” (35, 36). Although the se-
rum 250HD; levels in the vitamin D-deficient mice were low
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As with VDR and CYP27B1 knock-

FK506BP

Angd |

out mice, the vitamin D-deficient ani-
mals were more susceptible to DSS-
induced colitis. In view of the fact that we
have previously demonstrated expres-
sion of the vitamin D-activating enzyme
CYP27B1 in human (22, 23) and mouse
colon (29), it is tempting to speculate that
the effect of low 250HD; levels is man-

ifested through decreased localized gen-

eration of 1,25(OH),D5 within the colon
itself. However, as outlined above, it is
also possible that decreased systemic lev-
els of 1,25(OH),D; will contribute to co-
litis susceptibility through as yet un-
known mechanisms. The fact that

"’ NT5E "’ aquaporin-4
12 1.2 1
16 25

animal health and histological conse-
quences of vitamin D deficiency were

ATF3 PLAGL-

1.2 4

T e

only observed in DSS-treated mice sug-
gests that the effects of low 250HD; lev-
els might only be of significance after an
immune challenge. This would be consis-
tent with the TLR-mediated mechanism
we have described previously for mono-
cytes, where CYP27B1 and VDR expres-

kidney colon spleen kidney

FIG. 6. Validation of differentially expressed genes in kidney, colon, and spleen tissue from
vitamin D-sufficient vs. vitamin D-deficient mice. Real-time RT-PCR analysis of mRNA
expression for genes showing differential patterns of colonic expression in vitamin D-deficient
mice (open bars) relative to mice on a normal diet (closed bars). Genes were selected from
those originally identified by DNA array analysis as showing more than 2-fold change in
expression (see genes highlighted in bold type in Table 1). PLAGL-1, Pleiomorphic adenoma
gene-like 1; ATF3, activating transcription factor 3; NT5E, 5’ nucleotidase, ecto; FK506BP,
FK506 binding protein 11. Values are represented as mean = sem (n = 8) and significantly
different as follows: ***, statistically different from corresponding vitamin D-sufficient mice

(normal diet), P < 0.001; *, P < 0.05.

relative to normal human values, it is important to recognize
that as many as 70% of adult patients with Crohn’s disease
have been reported to have circulating levels of 25OHD; that
arelower than 15 ng/ml (37.5 nm) (reviewed in Ref. 3). More-
over, although serum levels of active 1,25(OH),D; were de-
creased in the vitamin D-deficient mice relative to the vitamin
D-sufficient mice, they remained within accepted normal
ranges for this metabolite (20-65 pg/ml, 50-160 pm in hu-
mans). Adequacy of 1,25(OH),Dj is required for the normal
endocrine function of vitamin D with respect to renal and
bone mineral homeostasis. Prolonged exposure to the vita-
min D-restricted diet will eventually lead to 1,25(OH),D;
deficiency, hypocalcemia, alterations in parathyroid func-
tion, and aberrant bone function. It was therefore important
to note that within the time frame of this study, the vitamin
D-deficient animals showed no significant alteration in se-
rum calcium levels, consistent with normal endocrine func-
tion of vitamin D.

colon

spleen sion are enhanced to facilitate intracrine
response to 250HD; (13, 32). Thus, it is
possible that impaired vitamin D status is
particularly important after the onset of
inflammation, with locally synthesized
1,25(OH),D; acting as a modulator of
adaptive immune responses (11). Studies
using VDR knockout mouse have shown
clearly that different facets of T-cell func-
tion are dysregulated in these animals af-
ter the induction of colitis (26-28), including the aberrant
colonic homing of intraepithelial lymphocytes (25).

Although animal health and histological scoring sug-
gested that effects of vitamin D deficiency were only man-
ifested in animals with induced colitis, analysis of spleen
tissue provided a different perspective. Data for splenic
gene expression and lymphocyte composition indicated
that vitamin D deficiency alone was sufficient to produce
a significant change in immune function at this site. The
precise mechanism by which this occurs is unclear. How-
ever, the spleen data prompted a more detailed analysis
of the effects of vitamin D deficiency with the colon
itself. By using DNA array analysis for multiple colon
tissue samples, we were able to identify genes that were
consistently up-regulated or down-regulated in vitamin
D-deficient mice in the absence of any DSS-induced tis-
sue damage or inflammation.
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FIG. 7. The effects of vitamin D deficiency and DSS treatment on
colonic expression of Ang4 protein and colonic bacterial load. A-D,
Immunohistochemical analysis of colonic Ang4 protein expression in
vitamin D-sufficient or vitamin D-deficient mice. A, Vitamin D-sufficient
mice receiving tap water (control). B, Vitamin D-sufficient mice receiving
water with 2.5% DSS (+DSS). C, Vitamin D-deficient mice receiving tap
water (p-def). D, Vitamin D-deficient mice receiving water with 2.5% DSS
(D-def + DSS). E, quantification of Ang4 expression (% expression relative
to control samples). F, Bacterial load in vitamin D-sufficient (control) and
vitamin D-deficient (D-def) colon tissue quantified by real-time PCR for
16S rDNA. All quantification using n = 6 separate colons. Values are
represented as mean =+ sem. ***, Statistically different from vitamin D-
sufficient control mice, P < 0.001; **, P < 0.01; *, P < 0.05.

Genes down-regulated in the colon of vitamin D-defi-
cient mice included 5’ ectonucleotidase (NTSE/CD73), a
surface marker of regulatory T cells that imparts a specific
biochemical signature, characterized by adenosine gener-
ation, that has functional relevance for cellular immuno-
regulation (37). Expression of CD73 by two distinct
CD4+ T-cell subsets, uncommitted primed precursor T
helper and regulatory T cells, confers a potential antiin-
flammatory function by generating adenosine, dampening
excessive immune responsiveness (38). Suppression of the
colonic epithelial water channel aquaporin4 (Aqp4) in the
colon of vitamin D-deficient mice is interesting given that
previous reports have also documented suppression of
Aqp4 in murine models of colitis and human patients with
ulcerative colitis, Crohn’s disease, and infectious colitis
(39). However, it is important to recognize that decreased
colonic expression of Aqp4 has also been linked to other
Gl disorders such as allergic diarrhea (40). Recent studies
have identified adrenomedullin as potent antiinflamma-
tory factor with the capacity to deactivate the intestinal

Endocrinology, June 2010, 151(6):2423-2432

inflammatory response and restore mucosal immune tol-
erance at multiple levels (41). It is therefore noteworthy
that colonic expression of this hormone was significantly
down-regulated in vitamin D-deficient mice. Conversely,
specific up-regulation of the IL-7 receptor (IL-7R) under
conditions of vitamin D deficiency is interesting in view of
the essential role of IL-7 in the development and persis-
tence of chronic colitis (42) and the fact that mucosal
CD4+ T cells expressing high levels of IL-7R are inti-
mately involved in promoting chronic colitis (43). Thus, it
is tempting to speculate that up-regulation of colonic
IL-7R expression in vitamin D-deficient mice may act to
prime subsequent inflammatory activity after the experi-
mental induction of colitis. Collectively, these observa-
tions suggest that vitamin D deficiency alone is sufficient
to alter expression of key colonic genes. This, in turn, may
increase susceptibility to colitis or enhance severity of the
disease.

Ang4 was also specifically suppressed in colon tissue
from vitamin D-deficient mice. Although classically im-
plicated in tumor-associated angiogenesis, Ang4 is also
known to promote bactericidal innate immune activity
against intestinal microbes (31). Recent studies by other
groups have implicated aberrant innate immune handling
of enteric microbiota as an initiator of the adaptive im-
mune damage associated with Crohn’s disease (44). Thus,
in the current study, we focused on Ang4, which is strongly
expressed in the colon (31), but which is also a key com-
ponent of Paneth cells, specialized crypt cells in the small
intestine, which secrete lysosomal and antimicrobial proteins
(31). Paneth cells play an essential role in regulating GI mi-
crobial status by maintaining submucosal autophagy, lyso-
somal activity, and elimination of pathogens (45, 46). Several
recent studies have proposed that dysregulation of innate
immunity is a key factor in the pathogenesis of Crohn’s dis-
ease (45-48). In view of the link between vitamin D status
and antibacterial activity in various cell types, it was inter-
esting to note the suppression of Ang4 mRNA and protein in
colon tissue from vitamin D-deficient mice (Figs. 6 and 7).
Previous studies demonstrating the induction of Ang4 by
commensal bacteria (31) are consistent with a role for this
protein in controlling access of microbes to the gut epithe-
lium. Thus, it is possible that localized colonic metabolism of
250HD; to 1,25(OH),D; supports the regulation of enteric
bacteria by promoting Ang4 expression, with this activity
being compromised under conditions of low vitamin D sta-
tus. The mechanism by which vitamin D influences expres-
sion Ang4 expression has yet to be defined. Putative vitamin
D response elements are located within the promoter for the
Ang4 gene (data not shown), but as yet, it is unclear whether
there is direct transcriptional regulation at these sites. Indeed,
given recent studies showing that 1,25(OH),D;-induced ex-
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pression of the antimicrobial protein B-defensin 4 involves
up-regulation of the NOD2 intracellular pathogen-recogni-
tion protein (17), it is possible that the link between vitamin
D and Ang4 is also complex.

In conclusion, we hypothesize that impaired vitamin D
status may predispose to IBD as a consequence of dys-
regulated innate immune surveillance of enteric bacteria.
In the animal model of colitis used in the current study, the
effects of vitamin D deficiency exacerbated DSS-induced
colonic inflammation. Because primates express the prod-
uct of a single angiogenin gene, it is unclear whether hu-
mans will demonstrate a similar pathway linking vitamin
D deficiency, angiogenin gene, and IBD. However, in view
of the potent effects of vitamin D in promoting other mul-
tifunctional antibacterial proteins such as cathelicidin at
other barrier sites, including the skin (49) and placenta
(50, 51), it seems likely that similar responses will occur in
the GI tract. In this way, management of microbiota ho-
meostasis may be an important facet of vitamin D function
in the gut. Given the current interest in how the enteric
bacteria can influence colonic immunity, it is tempting to
speculate that alterations in vitamin D status may be a key
factor in the disruption of normal microbiota function,
with important consequences for the development of IBD.
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