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Effect of Chronic Vitamin D Deficiency on the
Development and Severity of DSS-Induced Colon
Cancer in Smad3™" Mice
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Both human epidemiologic data and animal studies suggest that low serum vitamin D increases the risk of inflammatory
bowel disease (IBD) and consequently IBD-associated colorectal cancer. We tested the hypothesis that vitamin D deficiency
increases the risk for colitis-associated colon cancer (CAC) by using an established CAC mouse model, 129-Smad3""=/J
(Smad3~"-) mice, which have defective transforming growth factor B-signaling and develop colitis and CAC after the admin-
istration of dextran sodium sulfate (DSS). After determining a dietary regimen that induced chronic vitamin D deficiency
in Smad3~"- mice, we assessed the effects of vitamin D deficiency on CAC. Decreasing dietary vitamin D from 1 IU/g diet
(control diet) to 0.2 IU /g diet did not decrease serum 25-hydroxyvitamin D (25(OH)D) levels in Smad3~- mice. A diet devoid
of vitamin D (<0.02 IU/g diet [no added vitamin D]; vitamin D-null) significantly decreased serum 25(OH)D levels in mice
after 2 wk (null compared with control diet: 8.4 mg/mL compared with 12.2 ng/mL) and further decreased serum levels to
below the detection limit after 9 wk but did not affect weight gain, serum calcium levels, bone histology, or bone mineral
density. In light of these results, Smad3~- mice were fed a vitamin D-null diet and given DSS to induce colitis. Unexpectedly,
DSS-treated Smad3~- mice fed a vitamin D-null diet had improved survival, decreased colon tumor incidence (8% compared
with 36%), and reduced the incidence and severity of colonic dysplasia compared with mice fed the control diet. These ef-
fects correlated with increased epithelial cell proliferation and repair early in the disease, perhaps reducing the likelihood
of developing chronic colitis and progression to cancer. Our results indicate that vitamin D deficiency is beneficial in some
cases of CAC, possibly by promoting intestinal healing.

Abbreviations: 25(OH)D, 25-hydroxyvitamin D; BrdU, bromodeoxyuridine; CAC, colitis-associated colon cancer; DSS, dextran

sodium sulfate; IBD, inflammatory bowel disease; TGF, transforming growth factor; VDR, vitamin D receptor
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Vitamin D deficiency is increasingly prevalent around the
world, in both industrialized and developing countries. Epide-
miologic studies suggest that as many as 30% to 50% of children
and adults worldwide are at risk of vitamin D deficiency.*® Hu-
mans obtain most of their vitamin D from exposure to sunlight
through UVB radiation; however, dietary or oral supplemen-
tation is an important means of maintaining adequate serum
vitamin D levels in persons who have limited exposure to sun-
light. Many factors may contribute to widespread vitamin D
deficiency, including inadequate intake of foods rich in vita-
min D and insufficient exposure to sunlight due to residing at
higher latitudes where UVB exposure is limited or because of
increased protection against sun exposure through clothing or
sunscreen. >

Vitamin D is classically known for its role in the regula-
tion of bone metabolism, bone remodeling, and calcium
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homeostasis.?*?*2* This role is evidenced by the association
between prolonged vitamin D deficiency and delayed growth
and rickets in children® as well as osteoporosis and osteopenia
in adults.* Recently, vitamin D deficiency has been associated
with a wide range of other diseases including asthma,® multiple
sclerosis,® rheumatoid arthritis,*! type 1 diabetes,*** heart dis-
ease,””® inflammatory bowel disease (IBD),”** depression,>* and
tuberculosis.*® In addition, epidemiologic studies suggest that
vitamin D deficiency increases the risk of developing and dying
from several cancers including colorectal, breast, and prostate
cancers.?% This association, along with disagreement regarding
what constitutes adequate serum levels of vitamin D,* has led
to an increased interest in studying the effects of both vitamin
D supplementation and vitamin D deficiency on human health.

In humans, IBD is a risk factor for the development of colitis-
associated colorectal cancer (CAC),* and epidemiologic evi-
dence suggests that low serum vitamin D increases the risk for
developing both IBD and colorectal cancer.>**>* The mecha-
nisms by which vitamin D deficiency influence the risk of CAC
are unknown and are difficult to study in humans, because of
complicating factors including genetics, varied environments,
infrequency of CAC formation in IBD patients, and the long
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time period between IBD onset and CAC development. Con-
sequently, animal models are important tools for studying the
effects of vitamin D deficiency in CAC. Therefore to study IBD,
investigators used mice lacking the vitamin D receptor (Vdr) or
the enzyme that generates active vitamin D hormone (Cy27b1~/~
mice) as well as dietary vitamin D deprivation in susceptible
animals. We recently reviewed and summarized many of these
IBD studies,*but the effects of vitamin D deficiency on CAC are
understudied. Because many of the previously published mod-
els of vitamin D deficiency were either short term'**? or mul-
tigenerational studies with vitamin D-deficient diets intended
to produce animals with severe calcium imbalances,'* we tried
to identify a dietary regime in which we could induce chronic
vitamin D deficiency for as long as 18 wk without causing cal-
cium imbalances or bone density loss to assess whether there is
a causal relationship between vitamin D deficiency and CAC
using an animal model of inflammation-associated colon cancer,
Smad3~/~ mice.

The TGFB signaling pathway is frequently altered in patients
with IBD and is one of the most commonly deregulated path-
ways in colorectal cancer.”?® Smad3~/~ (Smad3"™ /T) mice™ lack
the transcription factor SMAD3, resulting in defective TGFf}
signaling. These mice develop colitis and subsequent colon ade-
nocarcinomas when infected with Helicobacter or when treated
with dextran sodium sulfate (DSS).® Therefore, Smad3~- mice are
a useful tool for mechanistic studies of IBD and CAC. Because
vitamin D supplementation in DSS- or azoxymethane-induced
IBD and CAC models is protective,’”* we hypothesized that
vitamin D deficiency in Smad3~/~ mice treated with DSS would
increase the risk of CAC. Surprisingly, we found that a vitamin
D-deficient diet protected mice against DSS-induced colon tu-
mors and that these protective effects may be mediated through
increased cellular proliferation associated with more rapid heal-
ing after epithelial cell damage induced by DSS treatment.

Materials and Methods

Mice and diets. Smad3*" (129-Smad3"7 /T) mice were ob-
tained from The Jackson Laboratory (Bar Harbor ME) and
bred at the University of Washington to generate Smad3~- and
Smad3+* (wild type) mice which were subsequently maintained
as separate lines by using homozygous breeding.* All mice
were group-housed (2 to 5 mice per cage) in autoclaved IVC
(Thoren, Hazleton, PA) with autoclaved corncob bedding (The
Andersons, Maumee, OH) in an SPF colony free of Helicobacter
spp. and murine norovirus and screened for pathogens as previ-
ously described.®® Animals were provided with reverse-osmosis
purified, acidified, autoclaved water in bottles and were fed ir-
radiated purified rodent diets with either 1 IU (6SRH, AIN93M,
control diet), 0.2 IU (5ACE, low vitamin D diet) or less than
0.02 IU vitamin D, per gram diet (5AV4, vitamin D-null diet).
For the vitamin D-null diet, no vitamin D was added. All diets
were formulated by Test Diet (St Louis, MO) and based on the
AIN93M diet, which was formulated for the maintenance of
rodents” health.* Studies to determine the optimal dietary regi-
men to induce chronic vitamin D deficiency were performed us-
ing combinations of all the diets described above. Bone disease
and IBD-CAC studies were completed with control and vitamin
D-null diets. Vitamin D levels in the low and null vitamin D
diets were analyzed by liquid chromatography-mass spectrom-
etry (Covance Madison, WI) and were 0.266 IU vitamin D,/g
diet and below the limit of detection (<0.02 IU vitamin D,/g
diet), respectively. Male and female mice (age, 3 to 14 wk) were
used. Animals of different ages and sex were evenly distributed
among treatment groups. Animal numbers are described for
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each experiment in the figure legends. All animal procedures
were approved by the University of Washington IACUC.

Induction of colitis. Animals were fed experimental diets for
2 wk prior to induction of colitis with DSS (36,000 to 50,000
MW, MP Biomedicals, Solon, OH). DSS was prepared as a stock
solution (40%) in autoclaved distilled water and then diluted
further to a 1.5% solution in autoclaved, acidified reverse-os-
mosis-purified water and placed in autoclaved water bottles.
Animals were placed on 1.5% DSS in the drinking water for 3
d, followed by untreated water. This treatment regimen was
chosen based on our previous studies,” in which a 7-d treat-
ment time was used to induce colitis and approximately 30%
cancer incidence. The shorter time frame (3 d compared with 7
d) was used in the studies presented here because of the concern
that vitamin D deficiency could exacerbate colitis and reduce
survival.?** Animals were weighed weekly, and health checks
were performed at least 3 times weekly. Mice were euthanized
by CO, asphyxiation and necropsied at designated endpoints
or when they developed signs of severe disease including 20%
body weight loss, ulcerated rectal prolapse, diarrhea, hunched
posture, and dehydration.

Serum vitamin D, calcium, and phosphorus and tissue collec-
tion. For repeated blood sampling, submandibular puncture
was performed to collect a maximum total volume of less than
1% of body weight in a 2-wk period. Blood draws ranged from
50 to 200 uL blood per mouse per time point. At the termination
of each study, blood was obtained by using cardiac puncture
immediately after euthanasia by CO, asphyxiation. Blood was
placed directly into serum separator tubes (Serum Separator
Tubes—Gold, BD Biosciences, San Jose California) after collec-
tion. Serum was separated by centrifugation within 2 h of col-
lection and stored at —-80 °C until samples were submitted to
Heartland Assays (Ames, IA) for quantification of 25-hydroxyvi-
tamin D (radioimmunoassay) and calcium and phosphorus lev-
els (colorimetric assays). Mesenteric lymph nodes, cecum, colon,
and rectum were fixed in 10% phosphate-buffered formalin and
processed for routine histologic examination. For short-term
studies (9 and 16 d), the colon was opened longitudinally, and
feces were removed by gently flushing with PBS. The colon was
then cut into thirds (proximal, mid, and distal) and fixed in 10%
phosphate-buffered formalin. After fixation, the sections of the
colon were cut longitudinally into strips and were embedded on
edge. For long-term studies, the colon was prepared by using a
‘Swiss roll” technique.* Hindlimbs were fixed in 10% phosphate-
buffered formalin, decalcified, and stained with hematoxylin
and eosin for routine histologic examination.

Bone mineral density. Bone density was assessed by densitom-
etry in Smad3~- and wildtype mice after 18 wk of being fed either
control or vitamin D-null diet. After euthanasia and abdominal
tissue harvest, bone mineral density was measured by using a
PIXImus Lunar densitometer (GE Healthcare, Waukesha, WI).

Pathology. Cecum and colon were evaluated for inflamma-
tion, dysplasia, and neoplasia by a board-certified veterinary
pathologist (PT), who was blind to experimental treatment
groups. Typhlocolitis scores were assigned by evaluating tis-
sue for severity of mucosal loss, mucosal epithelial changes,
degree of inflammation, and extent of pathology, as previously
described.® Dysplasia was classified according to a previous
scale,'*® and only frankly invasive adenocarcinoma scored as
neoplasia.*®*® The femur and tibia were evaluated for evidence
of abnormal bone remodeling or osteomalacia.

Evaluation of bromodeoxyuridine (BrdU) incorporation. To
assess cellular proliferation after DSS administration, mice were
injected intraperitoneally with BrdU labeling reagent (0.2 mL
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per animal, Invitrogen, Eugene Oregon) 24 h prior to euthana-
sia. After euthanasia, tissues were collected and processed as
described earlier. Paraffin-embedded tissues were submitted to
the Histology and Imaging Core at the University of Washing-
ton (Seattle, WA) for immunohistochemical staining of BrdU.
Immunohistochemical staining was performed on a Bond Max
automated immunostainer (Leica Biosystems, Buffalo Grove, IL)
using associated reagents. Sections were baked for 30 min at 60
°C and deparaffinized. After antigen retrieval with citrate buf-
fer, pH 6.0 (catalog no. AR9640, Leica) at 100 °C for 10 min and
blocking with 10% normal goat serum in Tris-buffered saline
for 10 min, the sections were incubated with rat antiBrdU anti-
body (dilution, 1:2000; catalog no. ab6326; Abcam, Cambridge,
MA) or rat IgG 2b isotype control (1:1000; catalog no. 553986,
Pharmingen, San Diego, CA); both antibodies were diluted in
Bond Primary Antibody Diluent (catalog no. AR9352) and were
incubated for 30 min at room temperature. Slides were probed
with rabbit antirat IgG secondary antibody (1:300; catalog no.
AI-4001, Vector Labs, Olean, NY) for 8 min at room temperature
and then incubated with antirabbit polymer-HRP-IgG (BOND
Reagent Detection System, catalog no. DS9800, Leica Biosys-
tems) for 8 min at room temperature. Additional blocking for
endogenous peroxidase was performed by using a peroxide
block (3% H,O,; catalog no. DS9800, Leica) for 5 min at room
temperature, and sections were incubated with 3,3’-diamino-
benzidine for 10 min at room temperature (catalog no. DS9800,
Bond Mixed Refine DAB Substrate, Leica). Tissues were coun-
terstained with hematoxylin for 4 min followed by 2 rinses in
water. Slides were then dehydrated through 100% ethanol,
cleared in xylene, and mounted by using synthetic resin mount-
ing medium and a no. 1.5 coverslip. Colonic epithelial cell pro-
liferation was assessed in 3 segments of the colon (proximal,
middle, and distal colon). The total numbers of BrdU-positive
and -negative epithelial cells were manually counted at 20x
magnification from 7 to 10 randomly selected crypts in a full-
plane section per colon segment to determine the average per-
centage of BrdU-positive epithelial cells per crypt.

Statistical analysis. Prior to statistical analysis, distribution of
data was assessed for normality. When data were not normally
distributed, transformation was attempted; when transforma-
tion did not normalize the distribution, nonparametric tests
were performed. Serum vitamin D, serum calcium, histologic
scoring, and bone mineral densities were analyzed by using
either unpaired t or Mann-Whitney U tests. For studies com-
paring more than 2 groups, either parametric one-way ANOVA
followed by Bonferroni posthoc testing or nonparametric Krus-
kal-Wallis Test followed by Dunn multiple comparison testing
was used. Cancer and dysplasia incidences were analyzed by
using the Fisher exact test. Survival was assessed by using a
log-rank test. All data are presented as mean + 1 SD. Differences
with a P value of 0.05 or less were considered significant. All
statistical analyses were performed by using Prism software
(version 5.04, GraphPad Software, La Jolla, CA).

Results

Effects of vitamin D-null diet on serum 25(OH)D and serum
calcium levels in Smad3~~ mice. Chronic severe vitamin D
deficiency can result in calcium imbalances and bone weak-
ness.>*3% Because colon tumor development in the Smad3~/~
mice requires approximately 16 wk, we were concerned about
inducing severe vitamin D deficiency due to chronically feed-
ing mice a vitamin D-deficient diet. Therefore, we evaluated
methods to produce a substantial decrease in serum 25(OH)D
levels without causing severe vitamin D deficiency symptoms.

122

Smad3~/~ breeders were placed on the low vitamin D diet (0.2 IU
vitamin D/g diet; containing 80% less vitamin D compared with
control) after the birth of a litter through weaning of that litter.
The pups were then weaned onto the low vitamin D diet and
fed the diet for 6 wk. Unexpectedly, the low vitamin D diet regi-
men did not result in lower serum vitamin D or serum calcium
levels compared with mice fed a control diet for 6 wk (Figure 1
A and B).

Because 0.2 IU vitamin D/g diet did not result in the desired
decrease in circulating serum vitamin D levels, Smad3~- mice
were then fed a diet formulated without vitamin D (vitamin
D-null diet). After 2 wk on the diet, animals fed vitamin D-null
diet had lower serum 25(OH)D compared with mice fed the
control diet (Figure 1 C, P < 0.0001). Serum vitamin D levels
continued to decrease from week 2 to week 4 on this diet, dem-
onstrating that a vitamin D-null diet is required to significantly
decrease serum vitamin D levels in Smad3~- mice (Figure 1 C).
Because our goal was to induce vitamin D deficiency over an
extended period without causing hypocalcemia complications,
we then switched animals to a low vitamin D diet after feeding
the vitamin D-null diet for 4 wk. Surprisingly, serum 25(OH)D
levels of mice fed low vitamin D diet rebounded within 3 wk
of switching to low vitamin D diet and reached similar levels
to those of mice fed a control diet (Figure 1 C). Serum calcium
levels remained unchanged on both the vitamin D-null and low
vitamin D diets (Figure 1 D). These data demonstrate that a diet
deficient in vitamin D is necessary to maintain low serum vita-
min D levels, whereas 0.2 IU vitamin D/g diet (1/5 of control
level) is insufficient to induce or maintain vitamin D deficiency
in Smad3~- mice.

Next we tested whether the vitamin D-null diet can be used
for a long-term study without causing severe vitamin D defi-
ciency and associated pathology in mice. We hypothesized that
weanling and young adult animals, which are in rapid phases
of growth, would be most susceptible to vitamin D deficiency.
Therefore, 3-wk-old (weanling) and 6-wk-old (young adult)
Smad3~- mice were fed the vitamin D-null diet for 18 wk. Blood
samples were collected at 2- to 3-wk intervals to measure serum
25(0OH)D and serum calcium. Serum 25(OH)D levels were sig-
nificantly lower in mice fed the vitamin D-null diet compared
with mice fed the control diet after 2 wk on the diets (P < 0.01
for adults, P < 0.001 for weanlings) and dropped below the limit
of detection after 9 wk on the vitamin D-null diet (Figure 2 A).
However, the vitamin D-null diet did not cause changes in se-
rum calcium (Figure 2 B) or body weight (Figure 2 C) compared
with the control diet throughout the 18-wk experimental period.
In addition, serum phosphorus levels, measured after 18 wk of
diet feeding, were not different between groups (Figure 2 D).
These observations were not specific to Smad3~~ mice, given
that the vitamin D-null diet also reduced serum 25(OH)D levels
(P < 0.0001) without causing changes in serum calcium, serum
phosphorus, and body weight in wildtype mice (Figure 3).

Effect of vitamin D-null diet on bone disease in Smad3~- and
wildtype mice. Because vitamin D deficiency can significantly
increase bone resorption, resulting in the development of rick-
ets particularly in growing animals, mice were evaluated for
evidence of bone disease through bone mineral density scan-
ning and histology. After 18 wk on the vitamin D-null diet, both
Smad3~- mice and wildtype mice showed no evidence of cortical
bone loss or abnormal bone remodeling according to densitom-
etry (Figure 4 A and B) and no histologic abnormalities (data not
shown). These data are consistent with our findings that serum
calcium levels do not change in the Smad3~- or wildtype mice
fed a vitamin D-null diet, suggesting that calcium homeostasis
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Figure 1. Low vitamin D diet does not decrease serum vitamin D or serum calcium levels in Smad3~- mice. Serum 25(0OH)D and calcium were
evaluated in 2 dietary regimens involving low vitamin D diet. In one regimen, (A) serum 25(OH) D and (B) serum calcium were measured after
animals were fed control (n = 4) or vitamin D low (1 = 5) diet for 6 wk starting at weaning. In the other regimen, (C) serum 25(OH)D and (D)
serum calcium were measured at weeks 2, 4, 5, and 7 from study initiation in mice that received vitamin D-null diet for 4 wk and then were
switched to low vitamin D diet compared with those on control diet for the duration of the study. 6 indicates the time point at which mice on
vitamin D-null diet in the null-low diet treatment group were switched to the low vitamin D diet. Mean and SD are indicated on dot plots.
Error bars on bar graphs are SD. *, P < 0.05; 1, P < 0.01; {, P < 0.001; §, P < 0.0001 (Student’s t test) between groups are indicated. Comparisons
were made between control compared with null-low group and also between null—=low diet groups before and after the diet switch at 4 wk.

can be maintained despite feeding of a vitamin D-null diet for a
prolonged period (18 wk).

Effect of vitamin D deficiency on DSS-induced IBD and cancer
in Smad3~- mice. Using the vitamin D-null diet, we sought to
determine whether chronic vitamin D deficiency exacerbated
DSS-induced colitis and CAC in Smad3~~- mice. Mice were
placed on either control or vitamin D-null diet for 2 wk prior
to treatment with DSS and were followed afterward for 16 wk,
which is sufficient time for CAC development in this model.*
Therefore, at the time mice were treated with DSS, mice should
have had 1.5- to 3-fold lower serum 25(OH)D levels compared
with mice on control diet (Figures 1 C and 2 A). Unexpectedly,
as assessed by survival, dysplasia, and tumor incidence, the
severity and incidence of disease were lower in mice fed the
vitamin D-null diet compared with mice fed the control diet.
Survival was significantly (P = 0.009) improved in animals
treated with DSS in drinking water and fed the vitamin D-null
diet (Figure 5 A) compared with DSS-treated mice fed the con-
trol diet and was not significantly different (P = 0.2337) from

vitamin D-deficient Smad3~- animals given water only. Along
with improved survival, the incidence of invasive colon carci-
noma was significantly lower (4.4-fold, P = 0.0007, Figure 5 B) in
DSS-treated mice animals fed a vitamin D-null diet compared
with those fed a control diet. In addition, typhlocolitis scores
in DSS-treated mice were significantly (P < 0.001) lower in mice
fed the vitamin D-null diet compared with those fed the control
diet (Figure 5 C). Finally, the incidence (31% compared with
61%, P = 0.0014) and severity (P < 0.01) of colonic dysplasia in
DSS-treated mice were lower in mice fed the vitamin D-null diet
compared with those fed the control diet (Figure 5 D).

To determine whether the protective effects of vitamin D-de-
ficiency against DSS-induced colitis and CAC were associated
with the roles that vitamin D plays in cell cycle regulation and
epithelial cell proliferation,®*”#' we examined colonic inflamma-
tion and epithelial cell proliferation in DSS-treated Smad3~- mice
during the early inflammatory phase after DSS treatment. Two
specific time points were chosen for the evaluation of typhloco-
litis: 9 d after DSS treatment, when clinical disease peaks, and 16 d
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Figure 2. Vitamin D-null diet significantly decreases serum vitamin D levels without altering serum calcium, weight gain, or serum phosphorus
in Smad3~/~ mice. (A) Serum 25(OH)D and (B) serum calcium in Smad3~~ mice fed control diet (1 = 5, 6-wk-old mice) or vitamin D-null diet (n =5,
3-wk-old mice [weanling] and n = 5, 6-wk-old mice [adult]). Body weight was measured weekly and (C) average body weight (in grams) is plot-
ted for each group. (D) Serum phosphorus was measured after 18 wk on diet (1 = 4 per group). Error bars are SD. One-way ANOVA (parametric)
followed by a Bonferroni post hoc test for multiple comparisons. t, P < 0.01; §, P <0.001; §, P < 0.0001 compared with control.

afterward, when healing from the DSS-induced damage should
be evident.®” DSS-treated mice demonstrated higher typhlocolitis
scores (not significant) compared with animals maintained on
no-DSS water regardless of the diet at day 9 after DSS (Figure 6
A). However, at day 16 after DSS treatment, typhlocolitis scores
were significantly lower in DSS-treated mice fed vitamin D-null
diet compared with DSS-treated control-diet fed animals (Figure
6 B, P <0.05). These data suggest that regardless of diet, mice de-
velop similar degrees of typhlocolitis initially after DSS treatment,
but the inflammation resolves more quickly in animals fed the
vitamin D-null diet. To determine whether typhlocolitis resolves
more quickly due to changes in epithelial cell proliferation, we
evaluated epithelial cell proliferation by BrdU uptake. Mice fed
vitamin D-null diet had a higher incidence of epithelial cell pro-
liferation, demonstrated by increased BrdU staining at 16 d after
DSS treatment (Figure 6 C, P = 0.0257) as compared with mice
fed control diet. These data suggest that the decreased colitis and
cancer in Smad3~/~ mice fed vitamin D-null diet could be due in
part to increased epithelial cell proliferation, resulting in faster
reepithelialization of the colon after DSS treatment.

124

Discussion

Vitamin D deficiency has been associated with an increased
risk for IBD and colorectal cancer in human epidemiologic stud-
ies**?22 and in animal models.*"?%4 Animal models have been
useful for investigating the role of vitamin D in IBD because
mechanisms behind the associative studies in humans cannot be
assessed precisely under controlled genetic and environmental
conditions. Furthermore, in animal models, it is easier to mod-
ify and monitor vitamin D intake and to determine whether the
changes result in altered vitamin D status by analyzing serum
and tissues. This situation allows investigators to determine how
variations in systemic vitamin D over time (and under different
stages of disease development) can impact disease outcomes.

To investigate the role of chronic vitamin D deficiency on
IBD/CAC, we investigated diets containing various levels of
vitamin D in Smad3~~ mice, a model of IBD-CAC. Our goal
was to achieve significantly decreased levels of serum vitamin
D without causing hypocalcemia and associated bone disease.
For this purpose, we measured 25(OH)D, which is the prod-
uct of the first of 2 hydroxylation steps needed to generate
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Figure 3. Vitamin D-null diet significantly decreases serum vitamin D levels without altering serum calcium, weight gain, or serum phosphorus
in wildtype mice. (A) Serum 25(OH)D and (B) serum calcium in wildtype mice fed control (1 = 5, 5- to 8-wk-old mice) or vitamin D-null diet
(n = 6, 5- to 8-wk-old mice). Body weight was measured weekly, and (C) average body weight (in grams) is plotted for each group. (D) Serum
phosphorus was measured at 18 wk after diet initiation. Error bars indicate 1 SD. 1, P <0.01 (Mann-Whitney U test); §, P <0.0001 (Student ¢ test)

compared with control.

the biologically active form of vitamin D, 1,25-dihydroxyvi-
tamin D.’” The active form is not suitable as a predictor of
overall vitamin D nutritional status as its production is tightly
regulated® and its half-life is relatively short (4 to 20 hr). We
found that decreasing the dietary vitamin D level to 1/5 that
of the control diet, AIN93M, did not change serum vitamin
D levels in mice. AIN93M diet, which has been determined
to be sufficient to support growth and maintenance of health
of rodents,* contains 1 IU vitamin D/g diet. Therefore, we
next tested a vitamin D-null diet that was identical in formula-
tion to AIN93M except that vitamin D was removed from the
vitamin mixture added to the diet. This vitamin D-null diet
decreased serum vitamin D levels in Smad3~/~ mice without
causing deleterious effects involving bone and calcium homeo-
stasis up to 18 wk.

We were surprised to find that in our hands, the low vitamin
D diet (0.2 IU vitamin D/g) was not effective at inducing vita-
min D deficiency despite similar regimens being used in other
models.?*! One group has demonstrated that feeding adult FVB
mice diets containing either 0.25 or 0.05 IU vitamin D/g were ef-
fective at significantly reducing serum 25(OH)D levels by 4 wk
on the diet compared with mice fed a control level of vitamin D

(1.51U/g), with serum 25(OH)D levels remaining steady from
approximately 1 mo after diet change until as long as 4 mo.”
Similar results were observed in C57BL /6 mice.? In contrast, we
did not observe decreased serum 25(OH)D levels in mice fed a
0.2 IU vitamin D/g diet even after 6 wk on diet. Furthermore,
our ‘low vitamin D’ diet increased serum 25(OH)D in mice that
had previously been fed a null diet to levels similar to those
of control diet-fed mice (Figure 1 C). Several differences might
explain the discrepancies between our studies and others.?!
Although all of the diets were custom-made, purified diets, they
were all prepared by different manufacturers with slightly dif-
ferent nutrient compositions. In addition, the analysis of the
dietary vitamin D concentration as well as the serum 25(OH)D
concentrations were performed by using different methodolo-
gies, thus making direct comparisons between the studies dif-
ficult. Also, our studies used mice on a 129 background whereas
the other studies used mice on FVB and C57BL/6 backgrounds.
There are few data comparing vitamin D absorption and me-
tabolism across different strains of mice; however, it is known
that differences in mouse strain can affect serum analytes even
in age- and sex-matched healthy mice.® Together, our data em-
phasize the importance of verifying vitamin D concentration
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Figure 4. Vitamin D-null diet does not alter bone density in Smad3~- or wildtype mice. Total body bone mineral density (BMD) scanning was
performed after euthanasia of Smad3~- and wildtype mice at 18 wk after diet initiation. (A) Smad3~~ mice fed control diet (1 = 5, 6-wk-old mice)
or vitamin D-null diet (n = 5, 3-wk-old mice [weanling] and n = 5, 6-wk-old mice [adult]) and (B) wildtype mice fed control (1 = 5, 5- to 8-wk-old
mice) or vitamin D-null diet (1 = 6, 5- to 8-wk-old mice). Error bars indicate 1 SD. No significant differences according to Kruskal-Wallis testing.

in the diet as well as verifying serum vitamin D status in each
animal model to ensure that the intended effects of the dietary
treatment are reached within a study.

Other published studies using vitamin D-deficient diets are
either short-term™* or multigenerational studies with vitamin
D deficient diets intended to produce animals with severe cal-
cium imbalances.™ In our studies, we found that a vitamin D-
null diet can be used to induce chronic vitamin D deficiency for
as long as 18 wk without causing calcium imbalances or bone
density loss. It is likely that sufficient dietary calcium (0.5%)
in our diet compensated for the decreased calcium absorption
typically seen with decreased serum vitamin D levels, because
it has been shown that providing increased calcium in the diet
can maintain normal calcium levels in mice lacking vitamin D
receptor signaling in the gastrointestinal tract.® Our data agree
with the findings in a recent report that a vitamin D-null diet
could be used to induce chronic vitamin D deficiency in geri-
atric mice without causing serum calcium imbalances or osteo-
malacia.” In that report, the authors suggest that their findings
in geriatric mice might differ depending on the age and growth
rate of the mouse; however, our data in young mice showed that
a vitamin D-null diet can be used to induce chronic vitamin D
deficiency in this age group of mice.

DSS is commonly used to model IBD, because it effectively
induces colitis in a variety of mouse strains® by directly dam-
aging the colonic epithelium resulting in mucosal erosions
and loss of epithelial cell barrier function.’>'®* Our previous
work demonstrated that Smad3~~ mice are more susceptible to
DSS-induced colitis compared with wild type mice, likely due
in part to impaired mucosal healing and abnormal epithelial
proliferation.>* This situation, combined with immune ab-
normalities in Smad3~/~ mice,* likely leads to the development
of chronic inflammation, predisposing these animals to de-
velop subsequent inflammation-associated colon cancer.® Un-
expectedly, we found that vitamin D-deficient Smad3~/~ mice
treated with DSS had improved survival, decreased dysplasia,
and significantly fewer colon tumors compared with control

126

diet-fed animals, thus contrasting with previously published
studies in other strains of mice. Others have demonstrated that
vitamin D deficiency exacerbates DSS colitis in C57BL/6°* and
11107 mice." In addition, vitamin D receptor (Vdr)”- mice are
more susceptible to DSS-induced colitis,®* whereas expres-
sion of transgenic VDR in epithelial cells of Vdr~- mice par-
tially rescued the mice due to decreased rates of epithelial cell
apoptosis.* In a study evaluating colitis and CAC, Vdr~ mice
developed increased colon tumor burdens compared with
wildtype controls after treatment with azoxymethane com-
bined with multiple rounds of DSS."” However, not all studies
demonstrate an exacerbating effect associated with vitamin D
deficiency. Recent work® indicates no differences in histologic
or endoscopic disease between vitamin D sufficient or defi-
cient C67BL/6 mice after treatment with DSS. The differences
between our findings and those just outlined could be due
to differences in the background strain of the mice used, DSS
concentration, duration of treatment, or the use of the Smad3-/-
model with dysregulated TGFf signaling that can intersect
with VDR signaling. Compared with these other studies, we
used a lower concentration of DSS for a shorter duration be-
cause we have found that Smad3~/~ mice have high suscep-
tibility and mortality to DSS-induced damage.® In addition,
vitamin D deficiency may influence IBD-CAC variably even in
the same mouse model when different inflammatory triggers,
such as DSS compared with Helicobacter infection, are used for
colitis induction. We previously used a vitamin D-null diet in
the Helicobacter-induced colitis and CAC in Smad3~/- mice and
observed that disease neither exacerbated or improved by vita-
min D deficiency.> Interestingly, recent work in a spontaneous
colon cancer model, F344-Apc’ rats, found protective effects
associated with vitamin D deficiency, noting a decreased inci-
dence of colon tumors in vitamin D-deficient rats.>* However,
vitamin D deficiency had no effect on tumor incidence in ACI
x F344-ApcP™* rats.’ Future studies are needed to help un-
derstand mechanisms behind the variable effects of vitamin
D deficiency on IBD/CAC by closely evaluating the systemic
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Figure 5. Vitamin D-null diet protects against DSS-induced colitis and colon cancer in Smad3~~ mice. Smad3~- mice were fed vitamin D-null or
control diet and treated with DSS in drinking water (1 = 58 mice per group) or with untreated water (n = 20) and followed for disease devel-
opment until 16 wk after initial DSS treatment, a duration sufficient for CAC development in this model. (A) Survival was compared through
log-rank testing. Cecum and colon were assessed histologically at endpoint for evidence of (B) neoplasia, (C) typhlocolitis, and (D) dysplasia.
Typhlocolitis and dysplasia scores were compared through Kruskal-Wallis testing followed by Dunn posthoc testing for pairwise comparisons.
Means are indicated on dot plots; error bars on bar graphs indicate 1 SD. Dysplasia incidence and neoplasia incidence were compared through

Fisher Exact testing. t, P < 0.01; §, P <0.001; §, P < 0.0001.

compared with localized effects of dietary vitamin D insuf-
ficiency over time.

Our data suggest that decreased dietary vitamin D leads to
an increase in colonic epithelial cell proliferation after DSS in-
jury that compensates for the impaired mucosal healing pres-
ent in the Smad3~~ mice and provides protection from future
CAC in this setting. Similarly, others have shown that Vdr"-
mice have increased colonic epithelial cell proliferation,” and
increased epithelial proliferation promotes wound repair after
DSS colitis.**”? In addition, in vitro assays have demonstrated
that increased concentrations of 1,25-dihydroxyvitamin D are
effective at decreasing the proliferation of multiple cell types,
including epithelial cells, fibroblasts, keratinocytes, and pros-
tate cells.®*! Therefore, it may be possible that colonic epithe-
lial cells in vitamin D-deficient Smad3~- mice proliferate faster
after DSS treatment due to reduced levels of active vitamin
D. Although vitamin D has been shown to directly regulate
genes involved in cell cycle regulation and cell proliferation,
including p21wafl, p27, and p53, other factors could interact
with or act independently of vitamin D signaling to influence
cell division rates in colonic epithelium, such as response to
calcium levels,' response to epithelial damage or wound repair

or barrier defects,”””° increased apoptosis,® and increased ex-
posure to cytokines that encourage or discourage epithelial
cell proliferation.***® Future studies comparing the presence
of apoptotic cells compared with actively dividing cells and
analyzing the expression of tight junction proteins and inflam-
matory mediators in response to vitamin D deficiency at early
time points during disease development would aid in under-
standing how vitamin D deficiency could influence colitis and
CAC in our model.

Although the protective effect of decreased vitamin D and
increased proliferation of the epithelium associated with de-
creased tumor incidence may be specific to Smad3~~ mice, it
does raise intriguing possibilities of targeting vitamin D meta-
bolic pathways or VDR signaling to modulate IBD and CAC,
given that the TGFp pathway is commonly mutated in patients
with IBD as well as colon cancer.” Our findings suggest that tar-
geted or localized vitamin D deficiency by blocking VDR signal
or preventing synthesis of active vitamin D in the colon could
potentially be useful to prevent or treat inflammation-associated
colon cancer. Identification of the protective mechanisms at play
in vitamin D deficiency in our model could potentially provide
new therapeutic targets for IBD and CAC.
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Figure 6. Vitamin D-null diet is associated with increased cell proliferation following DSS-treatment in Smad3~- mice during the early inflam-
matory phase of disease. Smad3~- mice were fed vitamin D-null or control diet and treated with DSS (1 = 10 mice per group per time point) or
untreated water (1 = 5 mice per group per time point). Animals were euthanized at (A) 9 d and (B) 16 d after initiation of DSS treatment, and ty-
phlocolitis scores were generated on the basis of histologic examination of cecal and colonic tissue. Groups were compared by one-way ANOVA
(parametric), and pairwise comparisons between groups on the same diet in addition to comparisons between groups in the same treatment
(DSS or water) were performed through Bonferroni posthoc testing. (C) BrdU was used to quantify actively proliferating colonic epithelial cells
during the healing phase of disease after DSS treatment (16 d after DSS) and compared by using the Mann—Whitney U test. Means (error bars, 1
SD) are indicated on dot plots. *, P < 0.05.

Acknowledgments

This work was supported by the American Institute of Cancer
Research (grant no. 09A136-Rev) and the National Institutes of Health
(grants nos. R21 CA149995-01A1, T32 DK 007742-17, and K01 OD
021420). We thank Brian Johnson (Histology and Imaging Core,
University of Washington) for his careful work with our tissue samples
to perform immunohistochemistry.

1.

128

References
Aggarwal A, Kallay E. 2016. Cross talk between the calcium-
sensing receptor and the vitamin D system in prevention of cancer.
Front Physiol 7:1-8. https://doi.org/10.3389/fphys.2016.00451.
Amling M, Priemel M, Holzmann T, Chapin K, Rueger JM,
Baron R, Demay MB. 1999. Rescue of the skeletal phenotype of
vitamin D receptor-ablated mice in the setting of normal mineral

ion homeostasis: formal histomorphometric and biomechanical
analyses. Endocrinology 140:4982—4987. https:/ /doi.org/10.1210/
endo.140.11.7110.

Ananthakrishnan AN, Cheng SC, Cai T, Cagan A, Gainer VS,
Szolovits P, Shaw SY, Churchill S, Karlson EW, Murphy SN,
Kohane I, Liao KP. 2014. Association between reduced plasma
25-hydroxy vitamin D and increased risk of cancer in patients
with inflammatory bowel diseases. Clin Gastroenterol Hepatol
12:821-827. https:/ /doi.org/10.1016/j.cgh.2013.10.011.
Ananthakrishnan AN, Khalili H, Higuchi LM, Bao Y, Korzenik
JR, Giovannucci EL, Richter JM, Fuchs CS, Chan AT. 2012.
Higher predicted vitamin D status is associated with reduced risk
of Crohn’s disease. Gastroenterology 142:482—489. https://doi.
org/10.1053/j.gastro.2011.11.040.

Anglin RE, Samaan Z, Walter SD, McDonald SD. 2013. Vita-
min D deficiency and depression in adults: systematic review

http://prime-pdf-watermark.prime-prod.pubfactory.com/ | 2025-02-25



10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

and meta-analysis. Br J Psychiatry 202:100-107. https://doi.
org/10.1192/bjp.bp.111.106666.

Assa A, Vong L, Pinnell L], Rautava J, Avitzur N, Johnson-Henry
KC, Sherman PM. 2015. Vitamin D deficiency predisposes to
adherent-invasive Escherichia coli-induced barrier dysfunction
and experimental colonic injury. Inflamm Bowel Dis 21:297-306.
https:/ /doi.org/10.1097 /MIB.0000000000000282.

Beauchemin N, Huot J, editors. 2010. Metastasis of colorectal
cancer. Dordrecht; London: Springer. https:/ /doi.org/10.1007 /978-
90-481-8833-8

Bollag WB, Ducote J, Harmon CS. 1995. Biphasic effect of 1,25-di-
hydroxyvitamin D3 on primary mouse epidermal keratinocyte
proliferation. J Cell Physiol 163:248-256. https:/ /doi.org/10.1002/
jcp.1041630205.

Brendum-Jacobsen P, Benn M, Jensen GB, Nordestgaard BG.
2012. 25-hydroxyvitamin d levels and risk of ischemic heart disease,
myocardial infarction, and early death: population-based study and
meta-analyses of 18 and 17 studies. Arterioscler Thromb Vasc Biol
32:2794-2802. https:/ /doi.org/10.1161/ ATVBAHA.112.248039.
Brown SD, Calvert HH, Fitzpatrick AM. 2012. Vitamin D and
asthma. Dermatoendocrinol 4:137-145. https:/ /doi.org/10.4161/
derm.20434.

Cantorna MT, Munsick C, Bemiss C, Mahon BD. 2000. 1,25-Dihy-
droxycholecalciferol prevents and ameliorates symptoms of experi-
mental murine inflammatory bowel disease. ] Nutr 130:2648-2652.
https:/ /doi.org/10.1093/jn/130.11.2648.

Cheng JB, Motola DL, Mangelsdorf DJ, Russell DW. 2003. De-
orphanization of cytochrome P450 2R1: a microsomal vitamin
D 25-hydroxilase. ] Biol Chem 278:38084-38093. https://doi.
org/10.1074/jbc.M307028200.

Correia LC, Sodré F, Garcia G, Sabino M, Brito M, Kalil F, Barreto
B, Lima JC, Noya-Rabelo MM. 2013. Relation of severe deficiency
of vitamin D to cardiovascular mortality during acute coronary
syndromes. Am J Cardiol 111:324-327. https:/ /doi.org/10.1016/j.
amjcard.2012.10.006.

DeLuca HF, Plum LA. 2011. Vitamin D deficiency diminishes
the severity and delays onset of experimental autoimmune en-
cephalomyelitis. Arch Biochem Biophys 513:140-143. https:/ /doi.
org/10.1016/j.abb.2011.07.005.

Dieleman LA, Palmen M], Akol H, Bloemena E, Peiia AS,
Meuwissen SG, Van Rees EP. 1998. Chronic experimental colitis
induced by dextran sulphate sodium (DSS) is characterized by Th1
and Th2 cytokines. Clin Exp Immunol 114:385-391. https://doi.
org/10.1046/j.1365-2249.1998.00728 x.

DjafariF, Gresset JA, Boisjoly HM, Boivin JF, Labelle P, Boucher
MC, Amyot M, Cliche L, Charest M. 2003. Estimation of the mis-
classification rate of self-reported visual disability. Can ] Public
Health 94:367-371. https:/ /doi.org/10.1007 /BF03403564.
Dougherty U, Mustafi R, Sadiq F, Almoghrabi A, Mustafi D,
Kreisheh M, Sundaramurthy S, Liu W, Konda V], Pekow J, Khare
S, Hart ], Joseph L, Wyrwicz A, Karczmar GS, Li YC, Bissonnette
M. 2014. The renin-angiotensin system mediates EGF receptor-
vitamin d receptor cross-talk in colitis-associated colon cancer.
Clin Cancer Res 20:5848-5859. https:/ /doi.org/10.1158 /1078-0432.
CCR-14-0209.

Eichele DD, Kharbanda KK. 2017. Dextran sodium sulfate colitis
murine model: An indispensable tool for advancing our under-
standing of inflammatory bowel diseases pathogenesis. World |
Gastroenterol 23:6016-6029. https://doi.org/10.3748 /wjg.v23.
i33.6016.

Eisman JA, Bouillon R. 2014. Vitamin D: direct effects of vitamin
D metabolites on bone: lessons from genetically modified mice.
Bonekey Rep 3:1-6. https://doi.org/10.1038 /bonekey.2013.233.
Feldman D, Pike JW, Adams JS, editors. 2011. Vitamin D, 3rd ed.
Boston (MA): Academic Press.

Fichera A, Little N, Dougherty U, Mustafi R, Cerda S, Li YC,
Delgado J, Arora A, Campbell LK, Joseph L, Hart J, Noffsinger
A, Bissonnette M. 2007. A vitamin D analogue inhibits colonic
carcinogenesis in the AOM/DSS model. ] Surg Res 142:239-245.
https://doi.org/10.1016/j.jss.2007.02.038.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31

32.

33.

34.

35.

36.

37.

38.

39.

40.

Vitamin D deficiency in a mouse model of colon cancer

Fleet JC, DeSmet M, Johnson R, Li Y. 2012. Vitamin D and cancer:
areview of molecular mechanisms. Biochem ] 441:61-76. https://
doi.org/10.1042/BJ20110744.

Fleet JC, Gliniak C, Zhang Z, Xue Y, Smith KB, McCreedy R,
Adedokun SA. 2008. Serum metabolite profiles and target tissue
gene expression define the effect of cholecalciferol intake on cal-
cium metabolism in rats and mice. ] Nutr 138:1114-1120. https://
doi.org/10.1093/jn/138.6.1114.

Froicu M, Cantorna MT. 2007. Vitamin D and the vitamin D receptor
are critical for control of the innate immune response to colonic injury.
BMC Immunol 8:1-11. https://doi.org/10.1186/1471-2172-8-5.
Froicu M, Zhu Y, Cantorna MT. 2006. Vitamin D receptor is
required to control gastrointestinal immunity in IL-10 knockout
mice. Immunology 117:310-318. https:/ /doi.org/10.1111/j.1365-
2567.2005.02290.x.

Garcia-Gonzilez MA, Crusius JB, Strunk MH, Bouma G, Pérez-
Centeno CM, Pals G, Meuwissen SG, Pefia AS. 2000. TGFB1 gene
polymorphisms and inflammatory bowel disease. Immunogenetics
51:869-872. https:/ /doi.org/10.1007 /s002510000211.

Garg M, Lubel JS, Sparrow MP, Holt SG, Gibson PR. 2012.
Review article: vitamin D and inflammatory bowel disease - es-
tablished concepts and future directions. Aliment Pharmacol Ther
36:324-344. https:/ /doi.org/10.1111/j.1365-2036.2012.05181.x.
Ghaly S, Kaakoush NO, Lloyd F, McGonigle T, Mok D, Baird A,
Klopcic B, Gordon L, Gorman S, Forest C, Bouillon R, Lawrance
IC, Hart PH. 2018. High Dose Vitamin D supplementation alters
faecal microbiome and predisposes mice to more severe colitis. Sci
Rep 8:1-12. https://doi.org/10.1038/541598-018-29759-y.
Giovannucci E. 2009. Vitamin D and cancer incidence in the Har-
vard cohorts. Ann Epidemiol 19:84-88. https:/ /doi.org/10.1016/j.
annepidem.2007.12.002.

Hewer S, Lucas R, van der Mei I, Taylor BV. 2013. Vitamin D
and multiple sclerosis. ] Clin Neurosci 20:634-641. https://doi.
org/10.1016/j,jocn.2012.10.005.

Holick MF. 2007. Optimal vitamin D status for the prevention and
treatment of osteoporosis. Drugs Aging 24:1017-1029. https:/ /doi.
org/10.2165/00002512-200724120-00005.

Holick MF. 2007. Vitamin D deficiency. N Engl ] Med 357:266-281.
https:/ /doi.org/10.1056 /NEJMra070553.

Holick MF, editor. 2010. Vitamin D: physiology, molecular biology,
and clinical applications, 2nd ed. New York (NY): Humana Press.
https:/ /doi.org/10.1007 /978-1-60327-303-9

Holick MF, Binkley NC, Bischoff-Ferrari HA, Gordon CM,
Hanley DA, Heaney RP, Murad MH, Weaver CM, Endocrine
Society. 2011. Evaluation, treatment, and prevention of vitamin
D deficiency: an Endocrine Society clinical practice guideline. J
Clin Endocrinol Metab 96:1911-1930. https://doi.org/10.1210/
jc.2011-0385.

Holick MF, Chen TC. 2008. Vitamin D deficiency: a worldwide
problem with health consequences. Am J Clin Nutr 87:1080S-1086S.
https:/ /doi.org/10.1093/ajcn/87.4.1080S.

Irving AA, Duchow EG, Plum LA, DeLuca HF. 2018. Vitamin
D deficiency in the Apc(Pirc/+) rat does not exacerbate colonic
tumorigenesis, while low dietary calcium might be protective. Dis
Model Mech 11:1-8.

Kallay E, Bareis P, Bajna E, Kriwanek S, Bonner E, Toyokuni
S, Cross HS. 2002. Vitamin D receptor activity and prevention of
colonic hyperproliferation and oxidative stress. Food Chem Toxicol
40:1191-1196. https:/ /doi.org/10.1016 /50278-6915(02)00030-3.
Knackstedt RW, Moseley VR, Sun S, Wargovich MJ. 2013. Vi-
tamin D receptor and retinoid X receptor o status and vitamin D
insufficiency in models of murine colitis. Cancer Prev Res (Phila)
6:585-593. https:/ /doi.org/10.1158/1940-6207.CAPR-12-0488.
Koch S, Nava P, Addis C, Kim W, Denning TL, Li L, Parkos CA,
Nusrat A. 2011. The Wnt antagonist Dkk1 regulates intestinal epi-
thelial homeostasis and wound repair. Gastroenterology 141:259—
268, 268 €251-258. https:/ /doi.org/10.1053 /j.gastro.2011.03.043
KongJ, Zhang Z, Musch MW, Ning G, Sun J, Hart J, Bissonnette
M, Li YC. 2008. Novel role of the vitamin D receptor in maintaining
the integrity of the intestinal mucosal barrier. Am ] Physiol Gas-
trointest Liver Physiol 294:G208-G216. https://doi.org/10.1152/
ajpgi.00398.2007.

http://prime-pdf-watermark.prime-prod.pubfactory.co?w‘?‘/% 2025-02-25



Vol 70, No 2
Comparative Medicine
April 2020

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

130

Kostoglou-Athanassiou I, Athanassiou P, Lyraki A, Raftakis
I, Antoniadis C. 2012. Vitamin D and rheumatoid arthri-
tis. Ther Adv Endocrinol Metab 3:181-187. https://doi.
org/10.1177 /2042018812471070.

Lagishetty V, Misharin AV, Liu NQ, Lisse TS, Chun RF, Ouy-
ang Y, McLachlan SM, Adams JS, Hewison M. 2010. Vitamin
D deficiency in mice impairs colonic antibacterial activity and
predisposes to colitis. Endocrinology 151:2423-2432. https:/ /doi.
org/10.1210/en.2010-0089.

Lee S, Clark SA, Gill RK, Christakos S. 1994. 1,25-Dihydroxyvita-
min D3 and pancreatic beta-cell function: vitamin D receptors, gene
expression, and insulin secretion. Endocrinology 134:1602-1610.
https:/ /doi.org/10.1210/endo.134.4.8137721.

Li L], Gong C, Zhao MH, Feng BS. 2014. Role of interleukin-22 in
inflammatory bowel disease. World ] Gastroenterol 20:18177-18188.
https:/ /doi.org/10.3748 /wjg.v20.148.18177.

Li YC, Amling M, Pirro AE, Priemel M, Meuse J, Baron R, Delling
G, Demay MB. 1998. Normalization of mineral ion homeostasis by
dietary means prevents hyperparathyroidism, rickets, and osteoma-
lacia, but not alopecia in vitamin D receptor-ablated mice. Endocri-
nology 139:4391-4396. https:/ /doi.org/10.1210/endo.139.10.6262.
Liu W, Chen Y, Golan MA, Annunziata ML, Du J, Dougherty U,
Kong J, Musch M, Huang Y, Pekow J, Zheng C, Bissonnette M,
Hanauer SB, Li YC. 2013. Intestinal epithelial vitamin D receptor
signaling inhibits experimental colitis. ] Clin Invest 123:3983-3996.
https://doi.org/10.1172/JCI65842.

Luissint AC, Parkos CA, Nusrat A. 2016. Inflammation and the
intestinal barrier: leukocyte-epithelial cell interactions, cell junction
remodeling, and mucosal repair. Gastroenterology 151:616-632.
https:/ /doi.org/10.1053/j.gastro.2016.07.008.

Maggio-Price L, Treuting P, Bielefeldt-Ohmann H, Seamons
A, Drivdahl R, Zeng W, Lai L, Huycke M, Phelps S, Brabb T,
Iritani BM. 2009. Bacterial infection of Smad3/Rag2 double-null
mice with transforming growth factor-f dysregulation as a model
for studying inflammation-associated colon cancer. Am ] Pathol
174:317-329. https:/ /doi.org/10.2353 /ajpath.2009.080485.
Maggio-Price L, Treuting P, Zeng W, Tsang M, Bielefeldt-Ohm-
ann H, Iritani BM. 2006. Helicobacter infection is required for
inflammation and colon cancer in SMAD3-deficient mice. Cancer
Res 66:828-838. https:/ /doi.org/10.1158 /0008-5472.C AN-05-2448.
Mihler M, Bristol IJ, Leiter EH, Workman AE, Birkenmeier EH,
Elson CO, Sundberg JP. 1998. Differential susceptibility of inbred
mouse strains to dextran sulfate sodium-induced colitis. Am |
Physiol 274:G544-G551.

Mallya SM, Corrado KR, Saria EA, Yuan FF, Tran HQ, Saucier
K, Atti E, Tetradis S, Arnold A. 2016. Modeling vitamin D insuf-
ficiency and moderate deficiency in adult mice by using dietary
cholecalciferol restriction. Endocr Res 41:290-299. https://doi.or
g/10.3109/07435800.2016.1141937.

Matsuoka LY, Ide L, Wortsman J, MacLaughlin JA, Holick MF. 1987.
Sunscreens suppress cutaneous vitamin D3 synthesis. ] Clin Endocri-
nol Metab 64:1165-1168. https:/ /doi.org/10.1210/jcem-64-6-1165.
Meeker S, Seamons A, Maggio-Price L, Paik J. 2016. Protective
links between vitamin D, inflammatory bowel disease and colon
cancer. World ] Gastroenterol 22:933-948. https:/ /doi.org/10.3748 /
wjg.v22.i3.933.

Meeker S, Seamons A, Paik J, Treuting PM, Brabb T, Grady
WM, Maggio-Price L. 2014. Increased dietary vitamin D sup-
presses MAPK signaling, colitis, and colon cancer. Cancer Res
74:4398-4408. https:/ /doi.org/10.1158 /0008-5472.CAN-13-2820.
Milaneschi Y, Hoogendijk W, Lips P, Heijboer AC, Schoevers
R, van Hemert AM, Beekman AT, Smit JH, Penninx BW. 2013.
The association between low vitamin D and depressive disorders.
Mol Psychiatry 19:444-451. https:/ /doi.org/10.1038 /mp.2013.36.
Nava P, Koch S, Laukoetter MG, Lee WY, Kolegraff K, Capaldo CT,
Beeman N, Addis C, Gerner-Smidt K, Neumaier I, Skerra A, LiL,
Parkos CA, Nusrat A. 2010. Interferon-yregulates intestinal epithelial
homeostasis through converging -catenin signaling pathways. Im-
munity 32:392—402. https:/ /doi.org/10.1016 /j.immuni.2010.03.001.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

Norman AW, Frankel JB, Heldt AM, Grodsky GM. 1980. Vita-
min D deficiency inhibits pancreatic secretion of insulin. Science
209:823-825. https:/ /doi.org/10.1126 /science.6250216.

Otto GP, Rathkolb B, Oestereicher MA, Lengger CJ, Moerth C,
Micklich K, Fuchs H, Gailus-Durner V, Wolf E, HrabX de Angelis
M. 2016. Clinical Chemistry Reference Intervals for C57BL/6],
C57BL/6N, and C3HeB/Fe] Mice (Mus musculus). ] Am Assoc Lab
Anim Sci 55:375-386.

Owen CR, Yuan L, Basson MD. 2008. Smad3 knockout mice ex-
hibit impaired intestinal mucosal healing. Lab Invest 88:1101-1109.
https://doi.org/10.1038 /labinvest.2008.77.

Paik J, Fierce Y, Treuting PM, Brabb T, Maggio-Price L. 2013.
High-fat diet-induced obesity exacerbates inflammatory bowel
disease in genetically susceptible Mdrla~/- male mice. ] Nutr
143:1240-1247. https:/ /doi.org/10.3945/jn.113.174615.

Peehl DM, Skowronski RJ, Leung GK, Wong ST, Stamey TA,
Feldman D. 1994. Antiproliferative effects of 1,25-dihydroxyvita-
min D3 on primary cultures of human prostatic cells. Cancer Res
54:805-810.

Peterlik M, Grant WB, Cross HS. 2009. Calcium, vitamin D and
cancer. Anticancer Res 29:3687-3698.

Raftery T, O’Morain CA, O’Sullivan M. 2012. Vitamin
D: new roles and therapeutic potential in inflammatory
bowel disease. Curr Drug Metab 13:1294-1302. https://doi.
org/10.2174/138920012803341294.

Reeves PG. 1997. Components of the AIN-93 diets as improvements
in the AIN-76A diet. ] Nutr 127(5 Suppl) 8385-841S. https://doi.
org/10.1093/jn/127.5.838S.

Ross AC. 2011. The 2011 report on dietary reference intakes for
calcium and vitamin D. Public Health Nutr 14:938-939. https://
doi.org/10.1017/51368980011000565.

Rubin DC, Shaker A, Levin MS. 2012. Chronic intestinal in-
flammation: inflammatory bowel disease and colitis-associated
colon cancer. Front Immunol 3:1-10. https://doi.org/10.3389/
fimmu.2012.00107.

Samuel S, Sitrin MD. 2008. Vitamin D’s role in cell proliferation
and differentiation. Nutr Rev 66: (10 Suppl 2) S116-5124. https://
doi.org/10.1111/j.1753-4887.2008.00094..x.

Sato S, Tanino Y, Saito J, Nikaido T, Inokoshi Y, Fukuhara A,
Fukuhara N, Wang X, Ishida T, Munakata M. 2012. The relation-
ship between 25-hydroxyvitamin D levels and treatment course
of pulmonary tuberculosis. Respir Investig 50:40—45. https://doi.
org/10.1016/j.resinv.2012.05.002.

Seamons A, Treuting PM, Brabb T, Maggio-Price L. 2013.
Characterization of dextran sodium sulfate-induced inflamma-
tion and colonic tumorigenesis in Smad3~/~mice with dysregu-
lated TGFp. PLoS One 8:1-14. https:/ /doi.org/10.1371 /journal.
pone.0079182.

Sturm A, Dignass AU. 2008. Epithelial restitution and wound
healing in inflammatory bowel disease. World ] Gastroenterol
14:348-353. https:/ /doi.org/10.3748 / wjg.14.348.

van der Meijden K, Buskermolen J, van Essen HW, Schuurman
T, Steegenga WT, Brouwer-Brolsma EM, Langenbach GE, van
Ruijven L], den Heijer M, Lips P, Bravenboer N. 2015. Long-term
vitamin D deficiency in older adult C57BL/6 mice does not affect
bone structure, remodeling and mineralization. ] Steroid Biochem
Mol Biol 164:344-352.

Zhao J, de Vera J, Narushima S, Beck EX, Palencia S, Shinkawa
P, Kim KA, Liu Y, Levy MD, Berg DJ, Abo A, Funk WD. 2007.
R-spondinl, a novel intestinotrophic mitogen, ameliorates experi-
mental colitis in mice. Gastroenterology 132:1331-1343. https://
doi.org/10.1053/j.gastro.2007.02.001.

Zhu JG, Ochalek JT, Kaufmann M, Jones G, Deluca HF. 2013.
CYP2R1 is a major, but not exclusive, contributor to 25-hydroxyvi-
tamin D production in vivo. Proc Natl Acad Sci USA 110:15650—
15655. https:/ /doi.org/10.1073/pnas.1315006110.

Zhu Y, Richardson JA, Parada LF, Graff JM. 1998. Smad3 mutant
mice develop metastatic colorectal cancer. Cell 94:703-714. https:/ /
doi.org/10.1016/50092-8674(00)81730-4.

http://prime-pdf-watermark.prime-prod.pubfactory.com/ | 2025-02-25



