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Introduction
There are now extensive in vitro and animal study 
data outlining various potential mechanisms by 
which vitamin D may exert an immunomodula-
tory effect in patients with inflammatory bowel 
disease (IBD).1–15 Additionally, serum 25(OH)D 

status has been shown to be inversely propor-
tional to intestinal inflammation as assessed by 
faecal calprotectin, clinical disease activity indi-
ces, endoscopic and histologic activity.16–19 
However, some evidence suggests no clear pro-
tective effect of vitamin D in IBD,20,21 and with a 
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few exceptions, clinical trials to date using vita-
min D supplementation in patients with IBD 
have been largely negative or underpowered to 
assess response with respect to improvement in 
objective markers of disease activity.16,22–27

Most of the actions of the vitamin D axis involve 
gene regulation following the binding of the vita-
min D receptor (VDR) ligand [mainly 1,25 dihy-
droxy vitamin D (1,25(OH)2D)] to retinoid-X 
receptor (RXR; VDR–ligand–RXR complex), 
which then binds vitamin D-responsive elements 
located predominantly in the promoter regions of 
target genes.28 In addition, some rapid actions of 
the VDR–ligand complex involve nongenomic 
cellular responses such as regulation of voltage-
gated calcium and chloride channels in osteo-
blasts, calcium entry, contractility and myogenesis 
in skeletal muscle cells, and calcium uptake by 
intestinal epithelial cells.29,30 Transgenic human 
VDR expression in mouse intestinal epithelial 
cells, protected mice from colitis by reducing 
intestinal epithelial cell apoptosis.3 The VDR TaqI 
tt genotype was over-represented in patients with 
Crohn’s disease (CD),31 and was recently associ-
ated with lower levels of VDR protein in periph-
eral blood mononuclear cells and a higher risk of 
penetrating disease.32

Recent investigation has suggested that the distri-
bution of VDR at the gene and protein level in 
intestinal tissue in patients with IBD has a rela-
tionship with mucosal inflammation. VDR gene 
expression assessed by cDNA microarrays in 10 
biopsies from patients with ulcerative colitis (UC) 
were reduced compared with biopsies from 
healthy controls.3 VDR protein levels as meas-
ured by western blotting were reduced in four 
biopsies from areas of quiescent disease in patients 
with CD and four biopsies from patients with 
UC, compared with biopsies from healthy con-
trols.3 In a separate study, patients with UC hav-
ing biopsies 20 cm from the anal verge with serum 
25(OH)D levels >25 ng/ml (>62.5 nmol/l) were 
noted to have less histological inflammation, 
VDR mRNA expression and semi-quantitative 
staining intensity for VDR protein than patients 
with serum 25(OH)D levels <20 ng/ml 
(<50 nmol/l).17 In a smaller study of 10 patients 
each with and without IBD, the intensity of 
immunohistochemical staining of VDR was not 
significantly different between colonic mucosal 
segments from non-IBD controls and from visu-
ally inflamed or noninflamed segments from 

patients with IBD. No correlation between serum 
25(OH)D level and colonic mucosal VDR stain-
ing was noted across all patients in this study.33

Despite the abovementioned studies, several ques-
tions regarding VDR in the intestinal wall remain. 
First, no clear data exist on the relative distribution 
of the VDR in the terminal ileum and different 
regions of the colon, in healthy controls and 
patients with IBD, or across the depth of the intes-
tinal wall in these segments. The relationship 
between VDR and intestinal inflammation remains 
unclear. Also, it is important to decipher whether 
serum 25-hydroxy vitamin D (25(OH)D) status is 
an accurate reflection of mucosal VDR status, and 
whether oral vitamin D intake is associated with 
altered expression of VDR at the intestinal tissue 
level. The mouse VDR gene locus contains intronic 
and upstream enhancers that bind 1,25(OH) 2D,34 
but it is unknown whether serum 25(OH)D status 
may influence intestinal mucosal VDR expression 
in vivo, especially in patients with IBD.

The aims of this study, hence, were to comprehen-
sively characterize, in patients with IBD and non-
IBD controls, VDR gene expression, protein 
localization and semi-quantification in the terminal 
ileum and colon, and across the mucosal, submu-
cosal and circular muscle layers. Furthermore, it was 
aimed to elicit the association of these components 
with inflammation, circulating vitamin D status and 
oral vitamin D intake. It was hypothesized that VDR 
mRNA expression and protein levels were lower in 
patients with IBD, with an inverse correlation with 
inflammation, and positive association with circulat-
ing 25(OH)D and oral vitamin D intake.

Materials and methods

Patients
Patients with CD and UC planned for colonoscopy 
for assessment of disease activity or dysplasia sur-
veillance were invited to participate, as were non-
IBD controls, patients undergoing colonoscopy to 
screen for bowel cancer or for evaluation of anal 
outlet bleeding, but not altered bowel habit. 
Patients with and without IBD undergoing ileal or 
colonic resection were additionally recruited.

Protocol
Patients with IBD and controls identified for the 
study were interviewed within the week prior to 
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planned colonoscopy or intestinal resection. 
Historical information was elicited during the 
interview and via the patient records. Patients 
were asked to estimate sunlight exposure as 
described previously.35 Briefly, self-estimated 
average hours per week of sunlight exposure with 
equivalent of face and forearms exposed, during 
high ultraviolet B (UVB) light exposure months 
(September to April) and low exposure months 
(May to August) in Melbourne, Australia (lati-
tude 37.8o South),36 was recorded using arbitrary 
ranges of <1,1–2, 2–5, 5–10 or >10 h. Dietary 
intake of vitamin D was assessed by food fre-
quency questionnaire of selected foods highest in 
vitamin D content according to nutritional tables 
(NUTTAB) 2010 produced by Food Standards 
Australia New Zealand as listed in Supplementary 
Table 1.37 Total daily oral vitamin D intake was 
then calculated for each participant by the sum of 
amount of daily vitamin D supplementation and 
estimated dietary intake based on this question-
naire. Peripheral blood samples and a sample of 
faeces were obtained. At colonoscopy or intesti-
nal resection, samples of intestinal wall or mucosa 
were obtained as follows.

Colonoscopy was performed following split-dose 
polyethylene glycol-based bowel preparation. 
Intubation to at least 5–10 cm proximal to the ile-
ocaecal valve was attempted in all patients. 
Macroscopic descriptions of all regions of the 
ileum and colon visualized were noted. Biopsies 
using standard forceps were obtained from the 
ileum (5 cm proximal to the ileocaecal valve), 
ascending colon (5 cm distal to the ileocaecal 
valve) and sigmoid colon (25 cm from the anal 
verge), as well as two other inflamed regions. 
Immediately after being taken, two biopsies from 
each region were fixed in 10% neutral buffered 
formalin for routine histopathological analysis, 
one fixed in 4% paraformaldehyde in phosphate-
buffered saline (Thermofisher Scientific, 
Scoresby, Australia) stored overnight at 4oC, and 
two placed in RNAlater solution (Life 
Technologies, Melbourne, Australia) and stored 
at −80oC until analysis.

Patients undergoing surgical resection had rou-
tine preoperative preparation. At the time of 
intestinal resection, a 2 × 1 cm full-thickness seg-
ment was removed with a sterile scalpel blade 
under aseptic conditions from the terminal ileum, 
ascending colon or sigmoid colon where appro-
priate. For patients having resection for bowel 

cancer, the site of the incision was at least 8 cm 
away from the visible and palpable margin of the 
tumour. The excised segment was washed twice 
with normal saline, then further divided in full-
thickness segments, with four parts placed in 4% 
paraformaldehyde solution, and four parts placed 
in RNAlater solution at room temperature for 2 h 
followed by storage at −80oC until analysis.

Written informed consent was obtained from all 
participants. The protocol for this study was 
approved by the Eastern Health Office of Research 
and Ethics.

Clinical and laboratory measures
Information regarding disease characteristics, 
gastrointestinal symptoms, comorbid illnesses, 
medications and lifestyle factors was collected. 
Patients with IBD were characterized according 
to the Montreal Classification.38 Blood samples 
were analyzed for laboratory indices including 
serum electrolytes, renal and liver function, 
 markers of systemic inflammation (C-reactive 
protein, white cell count, platelet count and 
 albumin) via routine laboratory techniques, and 
25(OH)D via the Elecsys electro-chemilumines-
cence assay using the Cobas modular analyzer 
platform (Roche Diagnostics, Castle Hill, 
Australia) as per manufacturer’s instructions. 
Intestinal inflammation was assessed by faecal 
calprotectin using Quantum Blue Calprotectin 
quantitative lateral flow assay (Bühlmann 
Laboratories, Schonenbüch, Switzerland) within 
1 week of collection, as per  manufacturer’s 
instructions, with values expressed in µg/g  faeces. 
Values were quantified within the range of 30–
300 µg/g, with values below this range expressed 
as <30 µg/g. Specimens with faecal calprotectin 
>300 µg/g were quantified using Bühlmann 
Quantum Blue High Range Calprotectin assay 
following dilution to 1:300.

Quantitative analysis of tissue RNA content
RNA extraction from tissue samples was performed 
using the RNeasy Plus Universal Mini Kit (Qiagen, 
Melbourne, Australia) following tissue disruption 
and homogenization. Briefly, tissue stored in 
RNAlater solution was thawed, weighed, then dis-
rupted and homogenized using a TissueRuptor 
rotor-stator homogenizer. Further RNA extraction 
was performed using the RNeasy Universal Plus 
Mini Kit according to manufacturer’s instructions. 
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Quantification of RNA in samples was performed 
using the Quantifluor® RNA System (Promega, 
Alexandria, Australia) and the Synergy HT Plate 
Reader (Biotek, Burleigh, Australia) using 485 nm 
excitation and 528 nm emission wavelengths. All 
samples were then assessed for RNA quality by gel 
electrophoresis, imaged using Bio-rad VersaDoc 
Imaging System with Quantity One version 4.6.7 
software for purity and presence of RNA degrada-
tion products.

Reverse transcription of all RNA samples was per-
formed using the SuperScript III First-Strand 
Synthesis Supermix for polymerase chain reaction 
(quantitative real time-PCR; Invitrogen, Mount 
Waverley, Australia). qRT-PCR for the VDR 
gene was carried out using multiplexing where 
both the target gene and endogenous reference 
gene were amplified in a single well. SYBR Green 
primers were designed using the Primer Express 
version 3 software program (Applied Biosystems, 
Foster City, CA, USA; Supplementary Table 1). 
Melt curve analysis and agarose gel electrophore-
sis of the amplicon indicated that a single product 
was amplified. Taqman predeveloped eukaryotic 
18S ribosomal RNA (18S rRNA)-VIC (Probe and 
Primer Ltd.) was used as the endogenous refer-
ence gene (Applied Biosystems). Single reactions 
were carried for VDR1 using 1× SYBR buffer, 
1 µl cDNA (containing 3–25 ng/µl of cDNA) and 
250 nmol/l of forward and reverse primer and in 
separate reaction wells, 1 µl cDNA (containing 
3–25 ng/µl of cDNA), predeveloped endogenous 
18S rRNA-VIC mix and Platinum QPCR super-
mix-UDG with ROX as the passive reference dye 
(Invitrogen). All thermal cycling reactions were 
run on an Applied Biosystems 7500 Real Time 
PCR machine using SDS version 2.0.6 software, 
with at 95°C for 20 s followed by 50 cycles at 95°C 
for 3 s (denaturing) and 60°C for 30 s (annealing 
and extension). Each sample was run and ana-
lyzed in duplicate.

Quantification was performed using the threshold 
cycle (Ct) for the gene of interest and housekeeping 
gene in each multiplex reaction. The delta (Δ) Ct 
was calculated by subtracting the Ct of 18S rRNA-
VIC from the gene of interest paired with the dye 
FAM. The median of the terminal ileal non-IBD 
control tissue Ct was then determined and sub-
tracted from all values to obtain the delta-delta Ct. 
The expression of the target genes relative to 
healthy control terminal ileal tissue was evaluated 
using fold induction calculated as 2−(DDCt).

Immunohistochemistry
Colonoscopic biopsies and resection specimens 
were stored in 4% paraformaldehyde overnight at 
4oC and were processed using Leica PELORIS 
Rapid Tissue Processor (Leica Biosystems, North 
Ryde, Australia), then paraffin embedded. Sections 
3 µm thick were cut and placed on poly-L-lysine-
coated slides (Thermofisher Scientific). For immu-
nohistochemical analysis, slides were heated, 
dewaxed and endogenous peroxidase blocked with 
3% hydrogen peroxide. Antigen retrieval was  
performed by microwave heating for 5 min in  
citrate buffer (pH 6.0). Nonspecific binding was 
blocked using Dako Antibody Diluent (Agilent 
Technologies, Mulgrave, Australia) and primary 
VDR mouse monoclonal antibody diluted to 1/500 
[Santa Cruz VDR antibody (SC-13133)] added. 
After overnight incubation, secondary antibody 
incubation for 60 min was performed, followed by 
diaminobenzidine (DAB+) chromogenic sub-
strate (Dako). Counterstaining in Mayer’s haema-
toxylin was performed prior to mounting.

For semi-quantitative immunohistochemical 
analysis, slides were photographed using Aperio 
Scanscope AT Turbo (Leica Biosystems, Mount 
Waverley, Australia). Magnified images were 
analyzed using ImageJ version 1.47 microscope 
image processing software (National Institutes of 
Health, Bethesda, MD, USA). Up to three images 
from each colonoscopic biopsy specimen were 
captured, then colour deconvolution was per-
formed to identify DAB staining. The mucosal 
area was manually selected and quantification of 
particle density as a percentage of the total area 
highlighted performed. The mean percentage 
readings from each biopsy image were compared 
across specimens. For intestinal resection speci-
mens, three readings from each of mucosa, sub-
mucosa and circular muscle were obtained, and 
analyzed in the same manner specific to location.

Qualitative analysis of the anatomical location and 
patterns of antigenic expression within different tis-
sues was also performed. The assessment of histo-
logical activity in the tissue sections was 
independently graded by two experienced gastroin-
testinal histopathologists (PH, SM), with scores 
averaged in cases of disagreement. Individual 
colonic biopsies from patients with Crohn’s disease 
were scored using an index adapted from D’Haens 
and colleagues39 (Supplementary Table 2), and 
biopsies from patients with UC were scored using 
the Geboes Score40 (Supplementary Table 3).
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Table 1. Baseline characteristics of patients undergoing colonoscopy. (Fitzpatrick skin types: I, pale white 
skin, blue/hazel eyes, blond/red hair; II, fair skin, blue eyes; III, darker white skin; IV, light brown skin; V, 
brown skin; VI, dark brown or black skin).

Crohn’s disease 
(n = 20)

Ulcerative colitis 
(n = 15)

Non-IBD controls 
(n = 14)

p value

Age, mean (range) years 42 (22–69) 40 (23–68) 50 (23–70) 0.092a

Female:male 8:12 5:10 7:7 0.308a

Comorbid illnesses, n  
 Hypertension 4 1 1  
 Hyperlipidaemia 1 2 1  
 Type 2 diabetes mellitus 0 2 1  
 Chronic kidney disease 1 0 0  
 Viral hepatitis 1 0 0  
Ethnicity, n (%)  
Australian and New Zealander 13 (65) 9 (60) 8 (57)  
Northern and Western 
European

2 (10) 1 (7) 1 (7)  

Southern European 3 (15) 2 (13) 1 (7)  
Eastern European 0 (0) 1 (7) 2 (14)  
Eastern and South-East Asian 0 (0) 0 (0) 1 (7)  
Indian Subcontinental 1 (5) 1 (7) 0 (0)  
Arab and Middle Eastern 1 (5) 1 (7) 0 (0)  
Jewish 0 (0) 0 (0) 1 (7)  
South and Central American 0 (0) 0 (0) 1 (7)  
Fitzpatrick skin type, n (%)  
I 4 (7) 1 (2) 3 (8)  
II 35 (63) 29 (64) 22 (56)  
III 15 (27) 11 (24) 12 (31)  
IV 2 (4) 3 (7) 0 (0)  
V 0 (0) 1 (2) 2 (5)  
VI 0 (0) 0 (0) 0 (0)  
Smoking status, n (%)  
 Never smoked 4 (20) 10 (67) 5 (36)  
 Ex-smokers 10 (50) 3 (20) 7 (50)  
 Current smokers 6 (30) 2 (13) 2 (14)  
Body mass index, mean  
(95% CI), kg/m2

27.4 (24.4–30.4) 29.0 (25.0–32.9) 27.8 (24.6–31.0) 0.769a

Waist circumference, mean 
(95% CI), cm

92.2 (85.5–99.0) 98.4 (89.0–107.8) 97.1 (88.6–105.7) 0.456a

Systolic BP, mean (95% CI), 
mmHg

116 (111–122) 119 (112–126) 123 (116–131) 0.277a

Heart rate, mean (95% CI), 
beats/min

76 (71–81) 73 (67–80) 69 (62–76) 0.237a

Vitamin D supplementation, 
n (%)

14 (70) 11 (73) 3 (21) 0.003c

Estimated total dietary 
vitamin D intake, mean 
(range), IU/day

1342 (31–5413) 1005 (24–3229) 349 (14–1091) 0.061a

aAnalysis of variance.
bKruskal–Wallis test.
cChi-squared, IBD versus healthy controls.
BP, blood pressure; CI, confidence interval; IBD, inflammatory bowel disease.
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Statistical considerations
Statistical analyses were performed using SPSS 
version 23 (IBM Corporation, 2015) and GraphPad 
Prism version 7.02 (GraphPad software, 2016). 
Analysis of variance and unpaired Student’s t-tests 
(two-sided) were used for comparison of means 
between groups, and independent samples z-tests 
for comparison of proportions between groups. 
The Kruskal–Wallis test was used to compare non-
parametric variables between groups. The relation-
ship between variables was assessed by bivariate 
and partial correlation using Pearson’s coefficient 
for parametric and Spearman’s coefficient for non-
parametric variables as appropriate. Values for 

 faecal calprotectin were normalized by log transfor-
mation. A p value of 0.05 or less was considered 
statistically significant.

Ethical considerations
The protocol for this study was approved by the 
Office of Research and Ethics at Eastern Health 
(E03-1112) and was performed in accordance 
with Australian regulations and the principles of 
the Declaration of Helsinki 1954 and its later 
amendments. Informed consent was obtained 
from all individual participants included in this 
study.

Table 2. Characteristics of patients with IBD undergoing colonoscopy.

Crohn’s disease (n = 20) Ulcerative colitis (n = 15)

Montreal classification, n (%) Age at diagnosis, years Disease extent  

<17 2 (10) Proctitis 0 (0)

17–40 15 (75) Left-sided colitis 9 (60)

>40 3 (15) Extensive colitis 6 (40)

Location Disease severity  
Ileal 2 (10) Clinical remission 6 (40)
Colonic 9 (45) Mild 4 (27)
Ileocolonic 9 (45) Moderate 5 (33)
Upper gastrointestinal 0 (0) Severe 0 (0)
Behaviour  
Nonstricturing, 
nonpenetrating

9 (45)  

Stricturing 3 (15)  
Penetrating/fistulizing 8 (40)  
Perianal 8 (40)  

Clinical disease activity Harvey Bradshaw index
median (range)

5 (0–18) Simple clinical colitis 
activity index
median (range)

3 (0–8)

Medical therapy, n (%) Nil 1 (5) 1 (7)
5-ASA only 2 (10) 6 (40)

Steroids ± 5-ASA 0 (0) 1 (7)

Azathioprine/6-MP ± 
5-ASA / steroids

7 (35) 6 (40)

Methotrexate ± 5-ASA/ 
steroids

2 (10) 1 (7)

Infliximab/adalimumab 
± 5-ASA/steroids

1 (5) 0 (0)

Infliximab/adalimumab 
± immunomodulators

7 (35) 0 (0)

Previous intestinal surgery, 
n (%)

Single ileocolonic 
resection

5 (25)  

Multiple ileocolonic 
resections

2 (10)  

5-ASA, 5-aminosalicylates; 6-MP, 6-mercaptopurine; IBD, inflammatory bowel disease.
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Results

Colonoscopic biopsy tissue
Patients. A total of 20 patients with CD, 15 with 
UC and 16 non-IBD controls planned for colonos-
copy were recruited. Overall, two non-IBD con-
trols were excluded from all analyses due to the 
presence of terminal ileal mucosal inflammation in 
one and a markedly elevated faecal calprotectin 
(2218 µg/g) in the other. Therefore, 14 non-IBD 
controls with normal ileocolonoscopy, apart from 
haemorrhoids in some, with normal biopsies on 
histology, were selected. As shown in Table 1, non-
IBD controls were slightly older than patients with 
IBD. Significantly more patients with IBD were 
taking vitamin D supplementation (p = 0.003), 
and subsequently tended to have higher total daily 
oral vitamin D intake (p = 0.061). None of the 
patients were on anticonvulsant medications that 
may influence serum vitamin D levels. No differ-
ence in self-estimated sunlight exposure in the high 
ultraviolet (UV) index at latitude 37.8 South (Sep-
tember to April) or low UV dose (May to August) 
were noted across the groups (data not shown).

Disease characteristics of the patients with IBD are 
as outlined in Table 2. For CD, most patients had 
colonic or ileocolonic disease and just under half 
had nonstricturing, nonpenetrating disease, 12 of 
20 patients had active disease, and 7 previously 
had resectional surgery. For UC, all patients had 

left-sided or extensive colitis. Routine laboratory 
indices are presented in Table 3. There was no dif-
ference in serum 25(OH)D level across the groups.

Expression of mRNA for VDR was similar across 
the terminal ileum, ascending and sigmoid colon 
(Figure 1). No significant difference in such 
expression across the groups of participants with 

Table 3. Routine laboratory indices in patient with IBD and non-IBD controls.

Crohn’s disease 
(n = 20)

Ulcerative colitis 
(n = 15)

Non-IBD controls 
(n = 14)

p value

Haemoglobin, mean (range), g/l 131 (110–159) 138 (115–169) 142 (122–162) 0.095a

White cell count, mean (range), 
× 109/l

7.6 (3.5–12.7) 6.2 (3.0–9.4) 6.6 (4.5–9.6) 0.192a

Platelet count, mean (range), × 
109/l

269 (151–424) 255 (140–360) 223 (129–301) 0.141a

Serum albumin, mean (range), g/l 39 (28–43) 41 (36–47) 40 (35–44) 0.075a

Serum C-reactive protein, 
median (range), mg/l

2.0 (<2.0–38) 2.0 (<2.0–12) <2.0 (<2.0–7) 0.264b

Faecal calprotectin, median 
(range), µg/g

104 (<30–5412) 83 (<30–96389) 40 (<30–278)d 0.112b

Log faecal calprotectin, mean (range) 2.18 (<1.48–3.88) 2.17 (<1.48–3.92) 1.74 (<1.48–2.21) 0.165a

25(OH) vitamin D, mean (range), 
nmol/l

67 (26–127) 65 (14–130) 65 (24–102) 0.936a

aAnalysis of variance.
bKruskal–Wallis test.
VDR mRNA expression.
IBD, inflammatory bowel disease; VDR, vitamin D receptor.

Figure 1. Colonoscopic biopsy VDR gene expression 
among patients with IBD and non-IBD controls in the 
terminal ileum, ascending colon and sigmoid colon. 
Expression is relative to the median of the non-IBD 
control terminal ileal specimens. Circles represent 
patients with CD, squares patients with UC and 
triangles non-IBD controls (NC).
CD, Crohn’s disease; IBD, inflammatory bowel disease; NC, 
non-IBD controls; UC, ulcerative colitis; VDR, vitamin D 
receptor.
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CD, UC or non-IBD controls was noted. No cor-
relation between age and expression of VDR 
mRNA was seen, and no differences between 
males and females across the whole cohort, or 
subgroups of patients with IBD or non-IBD, were 
noted (independent samples t-test, data not 
shown).

There was no significant relationship between 
serum 25(OH)D and VDR gene expression 
across all participants (Figure 2), or in subgroups 
with CD, UC or in non-IBD controls (data not 
shown). There was no correlation between 
mucosal VDR mRNA expression and total oral 
vitamin D intake (Supplementary Figure 1) or 
sun exposure (data not shown).

A significant inverse correlation between VDR 
mRNA expression in the sigmoid colon and fae-
cal calprotectin was noted in patients with UC 
(Figure 3). A similar trend was noted among 
patients with CD in the terminal ileum and sig-
moid colon. VDR mRNA expression also signifi-
cantly correlated with the histological scores of 
inflammation both in patients with CD and UC 
[Figure 3(c) and (d)]. No such correlation was 
observed in the ascending colon, but there were 
fewer inflamed biopsies from this segment (n = 4 
for CD, n = 1 for UC, data not shown).

VDR protein expression. Semi-quantitative 
immunohistochemical staining intensity for VDR 
protein was similar across patients with CD, UC 
and non-IBD controls (Supplementary Figure 
2). Analogous to the findings for gene expression 
by PCR, there were no relationships between 
serum 25(OH)D or total oral vitamin D intake 
and semi-quantitative VDR staining intensity 

(data not shown). VDR staining intensity in non-
inflamed colonic segments from patients with 
IBD were significantly higher than in inflamed 
segments, and higher than in specimens from 
non-IBD controls (Figure 4). Representative 
immunohistochemical images are shown in Sup-
plementary Figure 3.

Surgically-resected intestinal tissue
Patients. Resection specimens from five patients 
each with CD, UC and non-IBD controls were 
analyzed for transmural VDR mRNA expression 
and immunohistochemical staining. The character-
istics of the patients are outlined in Supplementary 
Tables 4 and 5. A total of two of the non-IBD con-
trols had right hemicolectomies for right sided ade-
nocarcinoma, one patient had an anterior resection 
for sigmoid adenocarcinoma, one patient had an 
anterior resection for a high recto-vaginal diverticu-
lar fistula, and one patient had an anterior resection 
for sigmoid cancer and elected to undergo a right 
hemicolectomy for an advanced ascending colon 
polyp concurrently. Terminal ileal specimens were 
collected from five patients with CD, four with UC 
and three non-IBD controls; ascending colon spec-
imens from four patients with CD, four with UC 
and three non-IBD controls; and sigmoid colon 
specimens from three with CD, five with UC and 
three non-IBD controls. Ascending and sigmoid 
colon specimens from one patient with CD did not 
include mucosal, submucosal and circular muscle 
layers due sampling error, and were therefore omit-
ted from further analyses.

VDR mRNA expression. There was no significant 
variation in overall expression of VDR mRNA 
across terminal ileal, ascending and sigmoid 

Figure 2. Correlation of intestinal VDR mRNA expression with serum 25(OH)D level across all participants. 
Expression is relative to the median of the non-IBD control terminal ileal specimens.
IBD, inflammatory bowel disease; VDR, vitamin D receptor.
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colonic segments, nor were there any significant 
differences between patients with CD, UC and 
non-IBD controls, with limited numbers in these 
analyses (Supplementary Figure 4).

VDR protein expression. Representative images 
are shown in Figure 5. Diffuse nuclear staining of 

VDR throughout all layers of the intestinal wall in 
the terminal ileum and colon was seen. Within the 
mucosa, this was strongest in the epithelial cells, 
both enterocytes and goblet cells. Qualitatively, 
staining in the terminal ileal epithelium from 
patients with CD was noticeably less intense than 
among that from patients with UC and non-IBD 

Figure 3. Relationship between intestinal VDR mRNA expression and intestinal inflammation. Relationship 
between VDR expression and faecal calprotectin in patients with (a) CD and (b) UC; and relationship between 
VDR mRNA expression and degree of histological remission in patients with (c) CD and (d) UC. Expression is 
relative to the median of the non-IBD control terminal ileal specimens.
CD, Crohn’s disease; IBD, inflammatory bowel disease; UC, ulcerative colitis; VDR, vitamin D receptor.
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controls. A similar pattern was noted in the colon, 
where epithelial staining from patients with CD 
and UC was less intense than that from non-IBD 
controls. In the colonic epithelium, there was a 
gradient of higher staining in mature apical epi-
thelial cells compared with basal crypt epithe-
lium, which appeared exaggerated in inflamed 
epithelium from patients with IBD.

The nuclei of stromal cells, as well as the vascular 
endothelium of the lamina propria, submucosa 
and myocytes, also stained for VDR, but less 
intensely than epithelial cells. Colonic myocytes 
from some patients stained strongly for VDR 
throughout the muscle fibres, especially nuclei 
[non-IBD controls, Figure 5(b) and (c)].

Staining for VDR by immunohistochemistry was 
most dense in the mucosa as compared with the 
submucosa and circular muscle, though this was 
highly variable across different participants 
(Supplementary Figure 5).

Discussion
One key to defining the role of vitamin D in 
immunoregulation in the gastrointestinal tract is 
understanding the expression and localization of 
its putative receptor, the VDR, in the intestine. 
Previous studies have been fragmentary in scope 
and have involved very small cohorts. The cur-
rent study comprehensively studied VDR in the 

intestine of larger, prospectively-collected cohorts 
of patients without intestinal inflammation and of 
a well-characterized cohort of patients with IBD. 
While the results overall showed no clear differ-
ences in gene and protein expression of VDR or 
in the tissue and cellular localization between 
patients with IBD and non-IBD controls, study 
within a more homogeneous group of patients 
with IBD indicated that a greater level of inflam-
mation was associated with lower expression of 
VDR gene and protein that was especially evident 
within the sigmoid colon.

It is worth noting that most patients who under-
went colonoscopy with biopsies had no or mild 
inflammation on histological analysis, with most 
colonic inflamed specimens arising from the sig-
moid colon. The differences between inflamed and 
noninflamed mucosa in patients with IBD and 
non-IBD controls were, therefore, more clearly 
elicited in biopsies from this region of the colon. A 
significant inverse relationship between VDR 
mRNA expression and faecal calprotectin, as well 
as histological grading of inflammation, in colonic 
biopsy specimens, was demonstrated. Notably, 
accumulating evidence suggests that the epithelial 
VDR may protect against inflammation via regula-
tion of permeability,2,23 protection against apopto-
sis,3,4,41 and stimulation of Paneth cell secretion of 
antimicrobial peptides.5–7 Intestinal epithelial cell 
deletion of VDR in mice was associated with an 
abnormal Paneth cell phenotype, reduced lysozyme 
secretion, reduced ATG16L1 mRNA and protein 
levels, and increased susceptibility to dextran 
sodium sulfate colitis.42 Paneth cell specific α- and 
β-defensin secretion in high-fat-diet fed mice were 
reduced in the presence of vitamin D deficiency.7 
Therefore, a reduction in mucosal VDR demon-
strated in this study may predispose to perpetuat-
ing inflammation in patients with IBD. Data from 
mice suggest that VDR deletion may also influence 
the intestinal microbiome, with increased abun-
dance of Helicobacter hepaticus, and reduced abun-
dance of Akkermansia muciniphila7, and increased 
Escherichia coli and Bacteroides with reduction in 
the butyrate-producing bacteria Butyrivibrio previ-
ously reported.42 However, whether this translates 
into an effect in humans is uncertain. High dose 
oral vitamin D supplementation in patients with 
UC was shown to be associated with a significant 
increase in Enterobacteriaceae abundance, but no 
change in overall diversity or other specific bacteria 
were found, despite a significant reduction in fae-
cal calprotectin in patients with active UC.22

Figure 4. VDR immunohistochemical staining of 
mucosa of colonoscopic biopsies in inflamed and 
noninflamed colon. Staining is expressed as the 
percentage of DAB+ particle density identified at an 
arbitrary detection threshold using ImageJ image 
processing software.
DAB, diaminobenzidine; VDR, vitamin D receptor.
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Figure 5. Representative immunohistochemical images of VDR in the terminal ileum, ascending colon and 
sigmoid colon among patients with CD, UC and non-IBD controls (a) terminal ileum; (b) ascending colon; and 
(c) sigmoid colon. Images represent samples with the median of the semi-quantification.
CD, Crohn’s disease; IBD, inflammatory bowel disease; UC, ulcerative colitis; VDR, vitamin D receptor.
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Higher VDR mRNA expression and immunohisto-
chemical staining in noninflamed areas in patients 
with IBD compared with inflamed areas and biop-
sies from non-IBD controls is a paradox that 
required further exploration. It may be postulated 
that an upregulation of VDR in noninflamed tissue 
occurs as a compensatory mechanism to counter-
regulate inflammation. The subsequent significant 
reduction in VDR in inflamed tissue may reflect a 
deficiency of this ability, or downregulation through 
other mechanisms in susceptible patients. This is 
supported by an inverse correlation between VDR 
mRNA expression and faecal calprotectin as well as 
histological inflammation. A third possibility is an 
artefactual reduction noted due to epithelial denu-
dation in areas of ulceration, but this is not sup-
ported by the immunohistochemical analysis of the 
inflamed specimens, which, despite inflammation, 
had an intact epithelium.

The finding of nuclear VDR diffusely expressed 
in cells throughout the depth of the intestinal wall 
in both terminal ileum and colon in the resection 
specimens from all patients adds weight to the 
likely multiple roles of this protein in cellular 
homeostasis. Paneth cells are expressed in the 
small intestine, so VDR may exert other effects in 
the colon. Among the roles ascribed to VDR in 
various studies include submucosal stromal and 
immune cells function, and regulation of calcium-
mediated myocyte contraction.5,14,29,43–45

A further interesting finding from this study was 
the lack of relationship between intestinal VDR 
gene expression and serum 25(OH)D status, the 
main marker of vitamin D stores in the human 
body. 1,25(OH)2D, the product of 25(OH)D, has 
been demonstrated to upregulate VDR expression 
in glomerular epithelial cells,46 and, therefore, it 
may be hypothesized that VDR gene expression 
and protein levels in various tissues around the 
body may be influenced by total body 25(OH)D 
stores. This was not found to be the case for ter-
minal ileal and colonic VDR in this study. There 
are potentially many confounders to this finding, 
but it raises the possibility of regulation of intesti-
nal VDR through vitamin D-independent mecha-
nisms. Delving into this further, there was no 
significant relationship between 25(OH)D and 
faecal calprotectin (r = −0.05, p = 0.776) in the 
cohort of 35 patients with IBD analyzed in this 
study. This contrasts with previous studies,17,18,47 
where an inverse relationship between serum 
25(OH)D and intestinal inflammation was noted 

and is thus difficult to reconcile. A longitudinal 
study to assess change in intestinal VDR gene 
expression following vitamin D supplementation 
in patients with IBD would be useful, as would 
investigation of other ways to stimulate VDR 
expression, if indeed this is required for immu-
nomodulatory effect. Though targeting a specific 
serum 25(OH)D level of 100–125 nmol/l did not 
result in a reduction of objective markers of dis-
ease activity in a pilot study of patients with IBD,16 
giving high dose weekly oral vitamin D was associ-
ated with a reduction in faecal calprotectin in 
another study,22 raising the possibility of a dose 
effect on immunomodulation. On the other hand, 
local delivery of VDR agonists may be a more suit-
able approach, bypassing the need for upregula-
tion of endogenous VDR. Measurement of 
intestinal mucosal or submucosal levels of 25(OH)
D, or the main physiologically active 1,25(OH)2D, 
has not previously been reported, and may pro-
vide another interesting avenue for study.

The strengths of this study lie first in the size of the 
cohorts examined. The two previous studies 
reporting on expression of VDR mRNA and/or 
protein at the tissue level, both suggesting reduced 
expression in patients with IBD, have been per-
formed in small cohorts where in many of the anal-
yses the number of biopsies assessed were stated 
but not the number of patients.3,33 The variability 
noted in the key indices measured in the present 
study underlie the hazards in making conclusions 
from a small number of observations in heteroge-
neous samples. A second strength lies in the detail 
and breadth of the characterization of the current 
prospectively-assessed cohort covering potential 
confounders. For instance, serum vitamin D levels, 
inflammatory markers, dietary intake and other 
clinical characteristics were concurrently docu-
mented using a methodical and consistent 
approach. However, there are multiple methodo-
logical issues that require consideration. Variation 
in the proportions of mucosa, submucosa and cir-
cular muscle in full-thickness resection specimens, 
and variability in depth of colonoscopic biopsies 
may confound results, especially given the highest 
expression was in the epithelial layer. Most signifi-
cant findings were noted in colonic, especially sig-
moid colonic, specimens. Very few specimens from 
the ascending colon were inflamed in patients 
undergoing colonoscopy, and similarly numbers 
were limited from terminal ileal inflamed seg-
ments to ascertain significant differences. This  
limits the ability to decipher whether any 
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immunomodulatory functions of vitamin D vary 
across intestinal segments.

The staining intensity of VDR was considerably 
lower in colonoscopic biopsies than for resection 
specimens, with the same dilution of primary anti-
body of 1/500 used for all specimens. Satisfactory 
staining was still noted, and qualitative compari-
son across different specimens and between groups 
was still valid in this study. Western blotting for 
VDR protein quantification is a superior technique 
than the semi-quantification provided by immuno-
histochemical staining intensity used in this study 
and is an avenue for further investigation. Analysis 
of proinflammatory cytokines associated with 
inflammation, and ultrastructural localization of 
the VDR in Paneth cells as well as other immune 
cells would be useful for further analysis.

In conclusion, VDR gene expression and protein 
localization is similar in patients with CD, UC and 
non-IBD controls, but levels are inversely related to 
inflammation in patients with IBD and higher in 
quiescent compared with active diseased segments. 
VDR may be upregulated as a compensatory mech-
anism, and a deficiency to upregulate may predis-
pose to intestinal inflammation. Serum 25(OH)D 
status is unrelated to intestinal VDR gene expres-
sion or protein level as assessed by immunohisto-
chemistry, but whether vitamin D supplementation 
increases intestinal VDR expression, and therefore 
influences disease activity in patients with IBD, or 
novel VDR agonists are a more effective approach, 
require further investigation.
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