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ABSTRACT
Background: Vitamin D exerts anti-inflammatory actions both in
vitro and in murine models of colitis. In previous studies, we dem-
onstrated that vitamin D protects against the development of colitis
by maintaining the integrity of the intestinal mucosal barrier.
Objective: We sought to evaluate whether deficient serum 25
hydroxyvitamin D [25(OH)D] concentrations are associated with
increased mucosal inflammation, a loss of epithelial junctional pro-
teins, and an increase in mucosal inflammatory cytokines in patients
with ulcerative colitis (UC).
Design: We prospectively enrolled 230 subjects with UC. Serum
25(OH)D concentrations were compared with the Mayo endoscopic
score, the total Mayo score, and histologic activity. Colonic
mucosal expression concentrations of vitamin D receptor (VDR),
E-cadherin, zonula occluden 1 (ZO-1), occludin, claudin-2, tumor
necrosis factor a (TNF-a), and interleukin 8 (IL-8) were compared
between dichotomous groups with low or high serum 25(OH)D
concentrations.
Results: The mean serum 25(OH)D concentration was 21.8 ng/mL.
Subjects stratified by concentrations included 12.6% $30 ng/mL,
45.6% $20 to ,30 ng/mL, 37.4% $10 to ,20 ng/mL, and 4.4%
,10 ng/mL. There was an inverse association between serum
25(OH)D concentrations and mucosal inflammation as assessed
by the Mayo endoscopy score (P = 0.01), disease activity as in-
dicated by the total Mayo score (P = 0.001), and histologic ac-
tivity (P = 0.02). A serum 25(OH)D concentration ,20 ng/mL
was associated with decreased mucosal transcript and protein ex-
pression concentrations of VDR, E-cadherin, and occludin as well
as decreased protein expression of ZO-1, whereas TNF-a and IL-8
mucosal transcript expression concentrations were increased.
Conclusions: In UC patients, serum 25(OH)D concentration is in-
versely correlated with mucosal inflammation and disease activity.
These results, coupled with the findings that serum 25(OH)D con-
centrations correlate with the mucosal expression of VDR as well as
epithelial junction proteins and inversely with proinflammatory cy-
tokines, suggest that vitamin D deficiency may contribute to UC
inflammation by disrupting epithelial barrier function. Am J
Clin Nutr 2016;104:113–20.
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INTRODUCTION

Ulcerative colitis (UC)9 is a chronic inflammatory disorder
that affects the colon. Although its pathogenesis remains un-
known, UC is thought to develop from a complex interaction
between genetics, environmental triggers, and aberrant immune
responses (1). Epidemiologic evidence supports the hypothesis
that a low serum 25-hydroxyvitamin D [25(OH)D] concentra-
tion is one such environmental factor involved in inflammatory
bowel disease (IBD) risk. In the Northern Hemisphere, the
symptomatic onset of UC peaks in the winter months, the season
with the least availability of UVB radiation (2, 3). In addition,
Northern Hemisphere populations that reside at higher latitudes
where daily sunlight exposure is lower have a higher prevalence
of IBD, particularly Crohn disease (4, 5). Previous analyses have
also reported a high prevalence of vitamin D deficiency in pa-
tients with both Crohn disease and UC (6–11). Furthermore,
several studies have demonstrated an inverse correlation be-
tween clinical symptoms and serum vitamin concentrations in
patients with Crohn disease (12–14). In addition, a randomized
placebo-controlled trial that examined the impact of 1200 IU
vitamin D3/d on maintaining remission in 94 patients with
Crohn disease demonstrated a trend toward lower relapse rates
in the vitamin D–treated group (15). Less is known, however,
regarding the relation between serum 25(OH)D and mucosal
inflammation in patients with UC.
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The vitamin D endocrine system is a pleiotropic multifunc-
tional system. 1,25-Dihydroxyvitamin D3 [1,25(OH)2D3], the
hormonally active form of vitamin D, has several effects on the
immune system, including the suppression of T cell activation
and modulation of antigen-presenting cell migration, differentia-
tion, and apoptosis (16). The biological activity of 1,25(OH)2D3 is
mediated by the vitamin D receptor (VDR) (17). In vitro studies
and experiments in animal models have also concluded that vi-
tamin D supplementation suppresses inflammation in colitis by
reducing aberrant T cell–mediated immune responses in the colon
(18–21).

In addition to its anti-inflammatory effects, our group has
reported that vitamin D-VDR signaling protects against colitis by
maintaining intestinal epithelial barrier integrity by suppressing
epithelial apoptosis and abrogating myosin light-chain kinase-
dependent tight junction dysfunction (22–24). Although there are
2 studies that have demonstrated an inverse correlation between
serum 25(OH)D and fecal calprotectin in patients with IBD,
there are no data to our knowledge comparing serum 25(OH)D
concentrations with endoscopic mucosal disease activity or
epithelial barrier function in patients with IBD (25, 26). As
such, we sought to investigate 25(OH)D concentrations in
a prospectively collected cohort of patients with UC with well-
characterized endoscopic, clinical, and histologic disease ac-
tivity. We also investigated colonic mucosal expression levels
of epithelial junction proteins and proinflammatory cytokines
to evaluate whether sufficient concentrations of serum 25(OH)D
are associated with the preservation of epithelial junctional
proteins and a decrease in mucosal inflammatory cytokines in
patients with UC.

METHODS

Subjects

The study was approved by the institutional review board at the
University of Chicago. Subjects consented for the study at the
time of endoscopic examination. Inclusion criteria included
subjects aged $18 y with a history of UC confirmed by histo-
logic evaluation and a disease extent .20 cm proximal to the
anal verge. Subjects were excluded if they had indeterminate
colitis or if the clinical diagnosis after the procedure was
changed to Crohn disease based on endoscopic or pathologic
data.

Study procedures

Clinical data were collected through a questionnaire that in-
cluded data on the subject’s age, disease duration, family history
of IBD, smoking status, and history, as well as current medi-
cation and dose, including vitamin D supplementation. The
Mayo disease activity index was scored at the time of the
procedure (27). For subjects who had varying disease activity
throughout the colon, mucosal inflammation in the most severe
segment was recorded for the Mayo endoscopy score. Histologic
severity was determined based on a review of the pathology
from standard-of-care biopsies. Histologic scores were graded
as histologically normal, quiescent, mild, moderate, or severe
based on an evaluation by a gastrointestinal pathologist. If there

were varying degrees of histologic inflammation in the colon,
the most severe score was recorded.

At the time of endoscopy, colonic mucosal biopsies were
obtained 20 cm proximal to the anus. Four biopsies were
placed in RNAlater (Life Technologies), and one biopsy was
placed in 10% buffered formalin. Biopsies for transcript and
protein expression concentrations were analyzed only in sub-
jects who had concordance between the recorded Mayo en-
doscopy score and the histologic score at the site of biopsies
(20 cm proximal to the anus). Peripheral blood was also drawn
before endoscopy, and serum was separated into aliquots after
centrifugation.

Serum 25(OH)D analysis

Serum 25(OH)D concentration was measured with the use
of the Food and Drug Administration–approved DiaSorin ra-
dioimmunoassay kit in a Clinical Laboratory Improvement
Amendments-certified laboratory by Heartland Assays that
participates in the vitamin D external-quality assessment
scheme (28).

Real-time polymerase chain reaction

Tissue was homogenized with the use of a bullet blender
(Next Advance) and extracted with an AllPrep DNA/RNA/
miRNA Universal Kit (Qiagen). cDNA was synthesized from
RNA extracted from 60 subjects with the use of a high-capacity
cDNA reverse-transcriptase kit (Life Technologies). Real-
time quantitative polymerase chain reaction (qPCR) was per-
formed with Fast SYBR Green Master Mix (Thermo Fisher
Scientific) with the use of primers for b-actin, claudin-2,
E-cadherin, occludin, TNF-a, VDR, and zonula occluden 1 (ZO-1)
in a Roche 480 LightCycler (Supplemental Table 1). The
thermal profile included activation at 958C for 5 min fol-
lowed by 45 amplification cycles (denaturation at 958C for
10 s, annealing either from 598C to 538C or from 578C to 518C
with a 0.258C decrease/cycle, touch down for 15 s, and ex-
tension at 728C for 20 s). This was followed by a melt curve
(958C for 5 s, 658C for 1 min, and 978C continuous acqui-
sition) and then cooling (408C for 30 s). As shown in Sup-
plemental Table 2, subjects included in the analysis were
evenly distributed by Mayo endoscopy score and categorical
vitamin D concentration [high (.25 ng/mL) compared with
low (,20 ng/mL)].

Immunohistochemistry

We cut 5-mm-thick sections from formalin-fixed, paraffin-
embedded tissue and mounted them on Vectabond-coated Super-
frost Plus slides (Fisher Scientific) from 74 subjects evenly distributed
by Mayo endoscopy score and categorical vitamin D concentration
(high compared with low). The distribution of subjects by endo-
scopic activity and serum 25(OH)D concentrations is included in
Supplemental Table 3. After deparaffinization and blocking of
endogenous peroxidase, nonspecific binding was prevented with
a protein block (Dako). Antigen was retrieved with a 0.01M citrate
buffer (pH 6) in a steamer for 20 min for claudin-2, E-cadherin,
and VDR. ZO-1 antigen retrieval was performed with 0.04% pro-
tease treatment at 378C for 15 min. Occludin antigen was retrieved
with 0.04% protease treatment at 378C for 15 min followed by
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a 0.01M citrate buffer in a steamer for 15 min. Slides were in-
cubated overnight with primary antibody at 48C. The primary an-
tibody dilution was 1:100 for claudin-2 (Life Technologies), 1:100
for E-cadherin (BD Biosciences), 1:100 for occludin (Life Tech-
nologies), 1:100 for VDR (Santa Cruz Biotechnology), and 1:500
for ZO-1 (Life Technologies). The slides were incubated with
a 1:200 dilution of secondary antibody (Dako) for 35 min, stained
with 3,3#-diaminobenzidine solution, and counterstained with he-
matoxylin and bluing reagent (Supplemental Figure 1).

Semiquantitative scoring was performed by 3 investigators
whowere blinded to clinical, endoscopic, and histologic scores as
well as to serum 25(OH)D concentrations. Staining concentra-
tions for E-cadherin, VDR, and ZO-1 were scored as 0–3 based
on the intensity. Occludin and claudin-2 staining were scored as
weak or strong. When there was a disagreement among investi-
gators in scores, the slides were reviewed again, and a consensus
was reached.

Statistical analysis

Analyses were performed with Stata version 14 software
(StataCorp LP). Mean 25(OH)D concentration was compared
between baseline demographic andmedication-use groupswith the
use of the Wilcoxon rank-sum or Kruskal-Wallis tests. Post hoc
comparisons were done with the use of Dunn’s test, and Bon-
ferroni’s correction was used to adjust for multiple comparisons.
Categorical 25(OH)D concentrations (,10, $10 to ,20, $20 to
,30, and$30 ng/mL) were compared across groups with the use
of Fisher’s exact test. The nonparametric trend test was used to
test for the trend in vitamin D concentrations across ordinal cat-
egories in the Mayo endoscopy score (0–3), the total Mayo score
(0–12), and histologic inflammation (normal, quiescent, mild,
moderate, and severe) (29). Univariate and multivariate logistic
regression models were used to evaluate the effect of 25(OH)D
concentration as a continuous variable or supplemental vitamin
D dose on binary outcomes (disease activity).

PCR analysis was performed with the use of the 22DDCT method
after normalizing each sample to b-actin (30). Normalization be-
tween PCR plates was performed by comparing each sample with
5 normal control samples that were analyzed for each gene
on every PCR plate. A 2-group comparison was made between low
(,25 ng/mL) and high (.25 ng/mL) 25(OH)D concentrations with
the use of Student’s t test. For immunohistochemistry, ordinal in-
tensity scores were compared between subjects with low and high
serum 25(OH)D concentrations with the use of the Wilcoxon rank-
sum test for VDR, E-cadherin, and ZO-1. The chi-square test was
used to compare weak- and strong-intensity staining for occludin
and claudin-2. For both qPCR and immunohistochemistry, low serum
25(OH)D was defined as ,20 ng/mL and high serum 25(OH)D
as.25 ng/mL. The cutoff of 25 ng/mL was selected because of
the limited number of patients available for analysis with ac-
tive inflammation and 25(OH)D concentrations .30 ng/mL.

RESULTS

Baseline demographics

In total, 248 patients consented for the study, and 230 with
UC were included in the analysis after removing 18 patients
who had a change in disease diagnosis after the procedure or

insufficient serum available for the 25(OH)D analysis (Sup-
plemental Figure 2). The mean age of the subjects was 45.8 y,
and the mean disease duration was 16.6 y. Women accounted
for 47% of the total enrollment; men accounted for 53%.
Ninety percent of the subjects were Caucasian, 5% were Af-
rican American, and 4% were Asian or of Mideast/Indian de-
scent. Three percent of the patients identified their ethnicity as
Hispanic or Latino. Fifty-four percent of the subjects were
never smokers, 37% were former smokers, and 8% were cur-
rent smokers. Eighteen percent of the subjects had a family
history of IBD in a first-degree relative, and 6% had a co-
diagnosis of primary sclerosing cholangitis. Sixty-seven percent of
patients had pancolitis and 33% had left-sided disease. Seventy-
one percent of patients were taking oral 5-aminosalcylates
(5-ASAs), 20% were taking rectal 5-ASAs, 25% were taking
a thiopurine analogue, 17% were receiving anti-TNF-a treatment,
and 15% were taking corticosteroids at the time of enrollment
(Table 1).

The mean serum 25(OH)D concentration in the cohort was
21.8 ng/mL (median: 21.5; range: 5.1–49.5). As shown in Table
1, Caucasians (P = 0.003), non-Hispanics (P = 0.04), and those
who were taking oral (P = 0.03) and rectal 5-ASAs (P = 0.04)
had significantly higher mean serum 25(OH)D concentrations.
In a post hoc analysis, Caucasians had significantly higher
25(OH)D concentrations than subjects who identified as African
American (P = 0.006) and demonstrated a trend toward signifi-
cantly higher 25(OH)D concentrations than those who identi-
fied as Asian (P = 0.07). There were no differences in 25(OH)D
concentrations between Asian and African American subjects.
Subjects taking any dose of supplemental vitamin D had
higher serum 25(OH)D concentrations than those not taking vita-
min D supplementation (P , 0.001). Furthermore, those taking
doses $2000 IU/d were noted to have higher serum 25(OH)D
concentrations than those taking doses ,2000 IU/d or re-
ceiving no vitamin D supplementation (P , 0.001). When
examining the association of categorical 25(OH)D con-
centrations (,10, .10–20, .20–30, and .30 ng/mL) with
subject baseline variables, only Caucasians (P = 0.02), those
taking any dose of vitamin D supplementation compared with
no supplementation (P , 0.001), and differences in supple-
mental vitamin D dose (P , 0.001) demonstrated a significant
association with higher 25(OH)D concentrations (Supple-
mental Table 4).

Serum 25(OH)D concentrations are associated with disease
activity in UC

To evaluate the association between disease activity and serum
vitamin D, mean serum 25(OH)D concentrations were compared
to disease activity as defined by the Mayo endoscopy score, the
total Mayo score, and histologic disease activity grade. There was
a significant inverse association between 25(OH)D concentra-
tions and mucosal inflammation as characterized by the Mayo
endoscopy score (P = 0.01), disease activity as indicated by the
total Mayo score (P = 0.001), and histologic activity (P = 0.02)
(Table 2).

In patients with no histologic inflammation (histologic nor-
malization and quiescent disease), mean serum 25(OH)D con-
centrations were significantly higher than in subjects with
histologic inflammation (mild, moderate, or severe activity) (22.9
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compared with 20.7 ng/mL; P = 0.04). Likewise, subjects with
no or mild histologic activity had significantly higher 25(OH)D
concentrations than those with moderate or severe histologic
activity (22.6 compared with 19.7 ng/mL; P = 0.01). After
controlling for sex, race, smoking status, 5-ASA use, and season
of enrollment, higher 25(OH)D concentrations were associ-
ated with a decrease in disease activity in a logistic regression
analysis. For each 1-ng/mL increase in serum 25(OH)D con-
centration, the OR of having a Mayo endoscopy score .1 was
0.95 (95% CI: 0.90, 0.99; P = 0.03), a total Mayo score .5 was
0.93 (95% CI: 0.88, 0.98; P = 0.009), and moderate or severe
histologic activity was 0.95 (95% CI: 0.91, 1.00; P = 0.05)
(Table 3). No association was observed, however, in a logistic
regression analysis comparing subjects taking supplemental vi-
tamin D doses ,2000 and $2000 IU/d to those not taking
supplemental vitamin D on these outcomes of disease activity
(Supplemental Table 5).

Higher serum 25(OH)D concentrations are associated with
increased colonic VDR

To explore the relation between serum 25(OH)D and colonic
mucosal VDR, receptor expression was assessed by qPCR and
immunohistochemistry. Among all UC patients, subjects with
high serum 25(OH)D (.25 ng/mL) had a 2.1-fold increase in
colonic mucosal VDR transcript expression compared with UC
patients with a low serum 25(OH)D concentration (,20 ng/mL)
(P = 0.05). Similarly, patients with high serum 25(OH)D con-
centrations had an increase in VDR staining intensity in the
surface epithelium compared with subjects with low serum
25(OH)D concentrations (P = 0.03) (Figure 1A, Supplemental
Figure 1A).

Elevated serum 25(OH)D is associated with increased
colonic mucosal E-cadherin, occludin, and ZO-1

Subjects with high serum 25(OH)D concentrations had on
average a 3.0-fold increased expression of E-cadherin compared
with subjects with a serum 25(OH)D concentration ,20 ng/mL
(P = 0.004). In concordance with transcript changes, high serum
25(OH)D concentrations were associated with increased staining

TABLE 1

Mean 25(OH)D concentrations by baseline subject characteristics and

medication usage1

Patients,

n (%)

25(OH)D

concentration,

ng/mL P value

All 230 (100) 21.8 6 7.5

Sex NS

Women 107 (46.5) 22.3 6 7.4

Men 123 (53.5) 21.4 6 7.6

Race 0.003

African American 12 (5.2) 15.9 6 6.3

Caucasian 208 (90.4) 22.4 6 7.4

Asian 10 (4.3) 17.2 6 6.7

Ethnicity 0.04

Hispanic 6 (2.6) 15.8 6 6.9

Not Hispanic 224 (97.4) 22.0 6 7.5

Smoking history NS

Never 125 (54.3) 22.1 6 7.1

Former 86 (37.4) 21.8 6 7.8

Current 19 (8.3) 19.6 6 8.4

Family history of IBD NS

No 189 (82.2) 21.7 6 7.6

Yes 41 (17.8) 22.6 6 6.8

Primary sclerosing cholangitis NS

No 216 (93.9) 21.7 6 7.5

Yes 14 (6.1) 23.4 6 7.3

Disease extent NS

Pancolitis 152 (66.1) 21.7 6 6.7

Left-sided colitis 60 (26.1) 21.6 6 8.5

Proctosigmoiditis 18 (7.8) 23.9 6 9.6

BMI, kg/m2 NS

,18.5 4 (1.8) 21.3 6 6.7

18.5–25 92 (40.9) 22.0 6 8.1

.25–30 80 (35.6) 22.0 6 7.3

.30 49 (21.8) 20.9 6 7.2

Season of enrollment NS

December–February 62 (27.0) 20.4 6 6.8

March–May 63 (27.4) 21.2 6 8.7

June–August 47 (20.4) 23.1 6 7.3

September–November 58 (25.2) 22.9 6 6.7

Any IBD medication 0.09

No 16 (7.0) 18.4 6 7.3

Yes 214 (93.0) 22.1 6 7.5

Oral 5-ASA 0.03

No 67 (29.1) 20.2 6 7.6

Yes 163 (70.9) 22.5 6 7.4

Rectal 5-ASA 0.04

No 184 (80.0) 21.2 6 7.0

Yes 46 (20.0) 24.1 6 8.9

Corticosteroids NS

No 195 (84.8) 21.9 6 7.6

Yes 35 (15.2) 21.5 6 6.8

Thiopurine 0.1

No 171 (74.3) 21.4 6 7.6

Yes 59 (25.7) 23.1 6 7.0

Anti-TNF-a NS

No 191 (83) 22.1 6 7.6

Yes 39 (17.0) 20.3 6 6.7

Supplemental vitamin D

(any dose)

,0.001

No 98 (42.6) 18.7 6 6.6

Yes 132 (57.4) 24.8 6 7.3

(Continued)

TABLE 1 (Continued )

Patients,

n (%)

25(OH)D

concentration,

ng/mL P value

Supplemental vitamin D dose ,0.001

None 98 (49.0) 18.7 6 6.6

,2000 IU/d 82 (41.0) 23.6 6 6.7

$2000 IU/d 20 (10.0) 27.3 6 9.8

1Mean 6 SD 25(OH)D concentrations were compared, and P values

were calculated with the use of the Kruskal-Wallis test. Five subjects did not

have a height recorded at the time of enrollment to calculate BMI. Thirty

subjects reported taking vitamin D supplementation daily, although their

dose could not be confirmed. These subjects are reported as taking

vitamin D in the analysis of patients taking any dose of supplemental

vitamin D dose but are not included in the comparison of 25(OH)D con-

centration by vitamin D dose. IBD, inflammatory bowel disease; 25(OH)D,

25-hydroxyvitamin D; 5-ASA, 5-aminosalcylate.
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intensity of E-cadherin in the colonic epithelium (P = 0.03)
(Figure 1B, Supplemental Figure 1B).

No association was observed between colonic mucosal tran-
script expression of ZO-1 and serum 25(OH)D concentrations.
In contrast, the staining intensity of ZO-1 was significantly in-
creased in association with elevated 25(OH)D concentrations
(P = 0.01) (Figure 1C, Supplemental Figure 1C).

There was a direct relation between occludin transcript expression
and serum 25(OH)D concentrations (3.4-fold; P = 0.02). Supporting
the qPCR findings, 79% of subjects with serum 25(OH)D con-
centrations .25 ng/mL had strong occludin staining compared
with 57% of subjects with 25(OH)D concentrations ,20 ng/mL
(P = 0.057) (Figure 1D, Supplemental Figure 1D).

Subjects with high serum 25(OH)D concentrations demon-
strated a trend toward a statistically significant decrease in tissue
claudin-2 transcript expression compared with subjects with low
serum 25(OH)D concentrations (1.5-fold; P = 0.1). However, no
differences in the staining intensity of claudin-2 by serum 25(OH)D
concentrations were observed (Figure 1E, Supplemental Figure 1E).

Elevated serum vitamin D is associated with a decrease in
proinflammatory cytokines, TNF-a, and IL-8

There was a significant inverse association between serum
25(OH)D concentrations and TNF-a, with a 1.8-fold decrease in
expression in subjects with high serum 25(OH)D concentrations
compared with those with concentrations ,20 ng/mL (P = 0.01)
(Figure 1F). Similarly, subjects with high serum 25(OH)D had
a 6.0-fold decrease in IL-8 expression (P = 0.005) (Figure 1G).

DISCUSSION

Previous studies have reported a high incidence of vitamin D
deficiency in patients with IBD (9–11, 31). In Crohn disease,

several groups have demonstrated an association between vita-
min D and clinical disease activity (12–14). Although to our
knowledge there are no data comparing vitamin D to endoscopic
or histologic inflammation in patients with Crohn disease, 2
recent analyses reported an inverse correlation between fecal
calprotectin and serum 25(OH)D concentrations (25, 26). Sim-
ilarly, retrospective data indicate that low serum 25(OH)D
concentrations are associated with an increase in clinical disease
activity, as well as an increase in the risk of operative procedures
and hospitalizations in patients with UC (12, 32). Although there
is a lack of previous data comparing 25(OH)D concentrations to
mucosal disease activity in patients with UC, an inverse corre-
lation between 25(OHD) and fecal calprotectin concentrations
was noted in a recent study that included 31 patients (26).

In this prospectively collected cohort of 230 patients, we
demonstrated that serum 25(OH)D concentrations have an in-
verse relation with disease activity as measured by endoscopic
and histologic inflammation in patients with ulcerative colitis. To
our knowledge, this is the largest prospective study to evaluate
serum 25(OH)D concentrations in patients with UC and the first
to compare 25(OH)D with endoscopic and histologic disease
activity. For this analysis, we used the DiaSorin radioimmuno-
assay kit. Although HPLC followed by ultraviolet detection is
considered the gold standard in determining circulating 25(OH)D
concentration, the assay is time-consuming and expensive.
Previous work has demonstrated a strong correlation between
these 2 methods, and the DiaSorin radioimmunoassay kit is
commonly used clinically in many large laboratories around the
world (33, 34).

It should be noted that there is considerable debate over what
concentration constitutes vitamin D deficiency and sufficiency.
Although rickets and osteomalacia are more commonly ob-
served in patients with 25(OH)D concentrations ,10 ng/mL,
most investigators advocate for maintaining 25(OH)D con-
centrations $20 ng/mL (35, 36). An Institute of Medicine
panel concluded in 2010 that a serum concentration of 20 ng/mL
is sufficient for most of the population to maintain bone health
(37). The Endocrine Society also recommends defining vitamin
D deficiency as ,20 ng/mL and suggests that concentrations
between 21 and 29 ng/mL constitute vitamin D insufficiency (38).
In concordance, both the National Geriatric Society and In-
ternational Osteoporosis Foundation recommend maintaining se-
rum 25(OH)D .30 ng/mL, a concentration at which parathyroid
hormone concentrations begin to plateau in relation to 25(OH)D
(39–41). Although these categorical recommendations for de-
fining vitamin D deficiency and sufficiency are mainly based on

TABLE 2

Comparison of mean serum 25(OH)D concentrations by endoscopic,

clinical, and histologic disease activity1

n

Vitamin D

concentration, ng/mL P value

Mayo endoscopy score 0.01

0 107 22.3 6 7.5

1 59 23.0 6 7.5

2 38 21.1 6 7.2

3 26 17.9 6 6.9

Total Mayo score 0.001

0–2 149 22.6 6 7.3

3–5 33 22.4 6 8.4

6–9 29 21.0 6 6.8

10–12 19 15.8 6 5.7

Histologic score 0.02

Normal 15 20.3 6 6.2

Quiescent 96 23.3 6 7.4

Mild 55 22.0 6 7.7

Moderate 40 20.6 6 7.8

Severe 24 18.1 6 6.3

1Mean 6 SD serum 25(OH)D concentrations were compared with or-

dinal values in the Mayo endoscopy score, total Mayo score, and histologic

score. P values were calculated with the use of the nonparametric trend test

and represent the trend in serum 25(OH)D concentrations across ordinal

values in the represented scoring index. 25(OH)D, 25-hydroxyvitamin D.

TABLE 3

Logistic regression analysis comparing serum 25(OH)D to endoscopic,

clinical, and histologic disease activity1

OR (95% CI) P value

Mean endoscopy score (.1) 0.95 (0.90, 0.99) 0.03

Total Mayo score (.5) 0.93 (0.88, 0.98) 0.009

Histology (moderate/severe) 0.95 (0.91, 1.00) 0.05

1Serum 25(OH)D concentration was evaluated as a continuous variable

in a logistic regression analysis compared with a Mayo endoscopy score .1,

a total Mayo score.5, and moderate or severe histologic inflammation. ORs

and significance controlled for sex, race, smoking status, 5-aminosalcylate

use, and season. 25(OH)D, 25-hydroxyvitamin D.
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investigations focused on bone metabolism, most studies to our
knowledge that have examined patients with IBD have used
a similar definition of a 25(OH)D concentration ,20 ng/mL to
represent vitamin D deficiency (12, 14, 31, 42–44).

In our cohort of patients, the mean vitamin D concentration was
21.8 ng/mL,with only 13%of the population having concentrations
.30 ng/mL. Because normal controls were not included in the
analysis, we could not draw conclusions regarding the prevalence
of vitamin D deficiency in UC compared with controls from the
same center. However, the prevalence of subjects with a 25(OH)D
concentration,20 ng/mL reported in our study is greater than that
described in many previous studies that have examined patients
with UC (10, 26, 43). Although not reported in these previous
investigations, the percentage of patients with a serum 25(OH)D
concentration ,10 ng/mL was relatively small in our cohort
compared with those who had concentrations between 10 and

20 ng/mL. Because of the limited number of patients with 25(OH)D
concentrations ,10 ng/mL, however, the study was not powered
to assess differences in disease activity between these 2 groups
of patients.

In addition to demonstrating an inverse association between
25(OH)D concentrations and disease activity, a second key con-
clusion of this study is the finding that serum 25(OH)D concen-
trations had a direct associationwith expression of colonicmucosal
VDR and several tight junction proteins, as well as an inverse
association with proinflammatory cytokines. Taken together with
our results demonstrating the association between serum 25(OH)D
concentrations and disease activity, these conclusions support data
from in vitro cell culture studies and in vivo animal models that the
vitaminD-VDR axis exerts dual roles in protecting against colitis by
maintaining epithelial barrier function and decreasing mucosal in-
flammation (22, 23). 1,25(OH)2D3 upregulates VDR by promoting

FIGURE 1 Tissue expression levels of VDR and epithelial junction proteins are increased in association with serum 25(OH)D concentrations, whereas
proinflammatory cytokine levels are decreased. Transcript expression by qPCR and protein expression by immunohistochemistry were compared between
subjects with low (,20 ng/mL) and high (.25 ng/mL) 25(OH)D concentrations for (A) VDR, (B) E-cadherin, (C) ZO-1, (D) occludin, and (E) claudin-2. (F
and G) Transcript abundance of proinflammatory cytokines is shown. The median 25(OH)D concentration within each group was 13.2 (IQR: 10.3–15.8) and
31.9 ng/mL (IQR: 28.7–35.8), respectively, for the transcript analysis and 12.4 (IQR: 10.2–14.6) and 32.8 ng/mL (IQR: 28.3–35.7), respectively, for the
protein analysis. For qPCR, a 2-group comparison was made between low and high 25(OH)D concentrations with the use of Student’s t test after each sample
was normalized to b-actin with the use of the 22DDCT method (30). Gene expression was analyzed in 60 subjects, 45 of whom had active inflammation. Protein
expression of VDR, E-cadherin, and ZO-1 are presented as the mean staining intensity score, with P values calculated by the Wilcoxon rank-sum test (error
bars represent SEMs). Occludin and claudin-2 were scored as strong compared with weak, and P values were calculated with the use of the chi-square test.
Protein expression was analyzed in 74 subjects, 54 of whom had active inflammation. qPCR, quantitative polymerase chain reaction; VDR, vitamin D
receptor; ZO-1, zonula occluden 1; 25(OH)D, 25-hydroxyvitamin D.
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gene transcription and stabilizing the VDR protein (45–47). Pre-
vious work has demonstrated that the VDR-retinoid X receptor
heterodimer binds at the VDR gene itself, and VDR transcripts
have been reported to increase with vitamin D3 treatment in
lymphoblastoid cells (48). Consistent with the critical role of VDR
in maintaining mucosal homeostasis, we also showed that mucosal
inflammation suppresses concentrations of epithelial VDR via
a microRNA-mediated downregulation (49). Although 1,25(OH)2D3

has been shown to increase E-cadherin, occludin, and ZO-1,
specific VDR-regulated cis-acting elements in the promoters of
these genes have not been identified, suggesting these vitamin
D effects may be indirect.

In addition to inducing these genes by indirect mechanisms,
vitaminD suppression of apoptosismay also play a role. Specifically,
our group has demonstrated that, as a protective mechanism against
mucosal inflammation, vitamin D signaling inhibits gut epithelial
cell apoptosis by downregulating nuclear transcription factor kB
(NF-kB), which in turn downregulates the p53 modulator of apo-
ptosis, a key positive regulator of gut epithelial cell apoptosis (23).
As such, we hypothesize that this inhibition of apoptosis contributes
to preserving epithelial tight junction proteins. In support of this
hypothesis, higher 25(OH)D concentrations were associated with
increased tissue E-cadherin, occludin, and ZO-1. Although we have
shown previously that 1,25(OH)2D3 blocks claudin-2 upregulation
in colonic epithelial cells, we surprisingly did not detect down-
regulation of claudin-2 in association with elevated serum 25(OH)D
concentrations in this study (50). Because NF-kb also upregulates
the expression of TNF-a and IL-8, the 1,25(OH)2D3 blockade of
NF-kb activation through the interaction between liganded VDR
and Ikb kinase may also contribute to a decrease in expression of
these proinflammatory cytokines (51–53).

We have identified an association between 25(OH)D concen-
trations and mucosal inflammation, and our data suggest that low
vitamin D contributes to the pathogenesis of IBD. We should note,
however, that this study has several limitations. With our obser-
vational study design, we could not establish the causative role of
low serum 25(OH)D in mucosal inflammation in UC. As such, low
serum 25(OH)D concentrations may be secondary to more severe
disease activity. Moreover, patients in this study receive care in
a tertiary referral center in the northern United States and are
more likely to have treatment refractory disease with additional
comorbidities than the general population with UC, which may
limit the applicability of these findings to other populations. In
addition, we were limited in comparing tissue expression con-
centrations of VDR and epithelial junction proteins between sub-
jects with serum 25(OH)D concentrations .25 and ,20 ng/mL,
which has debatable clinical significance. A concentration
of .25 ng/mL was chosen to represent “high” serum 25(OH)D
for these comparisons because of the limited number of patients
with active inflammation who would traditionally be considered vita-
min D sufficient (.30 ng/mL). It is possible that greater differ-
ences in the expression of VDR as well as epithelial junction
proteins by serum 25(OH)D concentration would be seen if a more
standardized cutoff of .30 ng/mL was used. It is worth noting,
however, that the median serum 25(OH)D concentrations for pa-
tients classified as ,20 and .25 ng/mL and used to compare
transcript expression was 13.2 (IQR: 10.3–15.8) and 31.9 ng/mL
(IQR: 28.7–35.8), respectively, and those used for immunohisto-
chemistry values were 12.4 (IQR: 10.2–14.6) and 32.8 ng/mL
(IQR: 28.3–35.7), respectively. Although we demonstrated a re-

lation between serum 25(OH)D concentrations and transcript as
well as protein expression for epithelial junction proteins, a final
limitation of this study is that we did not directly assess epithelial
barrier function. As such, future prospective vitamin D in-
tervention studies should examine the effects of this secosteroid on
colonic mucosal permeability in conjunction with measurements
of tight junction proteins and proinflammatory cytokines.

In conclusion, patients withUC have a high prevalence of 25(OH)D
concentrations ,20 ng/mL, and a decrease in serum 25(OH)D
concentration is associated with increased disease activity. Given
the known association between vitamin D deficiency with impaired
calcium homeostasis, bone metabolism, and immune function, these
findings support the routine monitoring of 25(OH)D concentrations
and treatment of vitamin D deficiency in patients with UC, in-
cluding those with inactive disease. We also demonstrated that se-
rum 25(OH)D concentrations correlate with the tissue expression of
epithelial junction proteins and inversely with proinflammatory
cytokines. These results extend conclusions from previous in vitro
cell culture experiments and in vivo animal model studies that in-
dicated a protective role for vitamin D on inflammation and epi-
thelial barrier function in patients with UC and lend support to
further examining the efficacy of vitamin D supplementation on
clinical outcomes in an intervention trial in this population.
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