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ABSTRACT
Background: A high dietary calcium intake with adequate vitamin
D status has been linked to lower colorectal cancer risk, but the
mechanisms of these effects are poorly understood.
Objective: The objective of this study was to elucidate the effects
of a Western-style diet (WD) and supplemental calcium and/or
1,25-dihydroxyvitamin D3 [1,25(OH)2D3] on the colorectal mucosa.
Design:We conducted 2 crossover trials to define molecular pathways
in the human colorectum altered by 1) a 4-wk WD supplemented with
and without 2 g calcium carbonate/d and 2) a 4-wk WD supplemented
with 1,25(OH)2D3 (0.5 mg/d) with or without 2 g calcium carbonate/d.
The primary study endpoint was genome-wide gene expression in
biopsy specimens of the rectosigmoid colonic mucosa. Serum and
urinary calcium concentrations were also measured.
Results: Changes in urinary calcium accurately reflected calcium
consumption. The WD induced modest upregulation of genes in-
volved in inflammatory pathways, including interferon signaling,
and calcium supplementation reversed these toward baseline. In
contrast, supplementation of the WD with 1,25(OH)2D3 induced
striking upregulation of genes involved in inflammation, immune
response, extracellular matrix, and cell adhesion. Calcium supple-
mentation largely abrogated these changes.
Conclusions: Supplementing 1,25(OH)2D3 to a WD markedly up-
regulated genes in immune response and inflammation pathways,
which were largely reversed by calcium supplementation. This
study provides clinical trial evidence of global gene expression
changes occurring in the human colorectum in response to calcium
and 1,25(OH)2D3 intervention. One action of 1,25(OH)2D3 is to
upregulate adaptive immunity. Calcium appears to modulate this
effect, pointing to its biological interaction in the mucosa. This trial
was registered at clinicaltrials.gov as NCT00298545. Trial protocol
is available at http://clinicalstudies.rucares.org (protocol numbers
PHO475 and PHO554). Am J Clin Nutr 2016;103:1224–31.
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INTRODUCTION

Colorectal cancer (CRC)8 remains a major cause of cancer
deaths in the Western world. Adoption of a Western lifestyle and
diet, low in vitamin D and calcium, is a global problem leading

to increased obesity and cancer incidence, including CRC (1). In
addition to colonoscopic detection and removal of precancerous
adenomas, safe chemoprevention is an adjunct measure for risk
reduction.

Epidemiologic, observational, and randomized trials support
the role of calcium and vitamin D in CRC chemoprevention (2–
7). Although not all data are conclusive (8–10), moderate doses
of calcium and vitamin D are both safe and modestly effective in
reducing CRC incidence. However, it is difficult to separate the
effects of vitamin D and calcium because vitamin D concen-
trations directly affect calcium concentrations through the effect
of vitamin D in regulating calcium transport in the intestinal
epithelium. Thus, the effects of calcium and vitamin D on re-
ducing tumor incidence are likely linked. For example, a large
randomized, placebo-controlled trial exploring effects of calcium
supplementation and blood concentrations of 25-hydroxyvitamin
D on adenoma recurrence found that calcium supplementation
reduced adenoma recurrence (2). However, this finding was lim-
ited to those whose vitamin D blood concentrations were greater
than the median level of the clinical trial population at baseline (73
nmol/L) (4). In those with vitamin D concentrations below this
level, calcium supplementation did not reduce risk.

Both in vitro and animal studies show that calcium (11–13) and
vitamin D (14) exert an impact on pathways involved in colonic
neoplasia. However, these studies do not determine the direct
effects of these compounds on the colon of subjects at risk of
developing CRC. Furthermore, the effects of vitamin D and
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calcium on the human colorectum are largely unknown, and
whole-genome expression responses have not been evaluated.

Our group has completed several studies of molecular events
in rectosigmoid mucosal biopsy specimens that accompany ad-
ministration of putative risk reduction agents such as estrogen
and folic acid (15, 16). The present study aimed to identify the
effects of calcium and/or 1,25-dihydroxyvitamin D3 [1,25
(OH)2D3] supplementation on gene expression profiles of the
human colorectal mucosa of subjects at moderate risk of CRC
consuming a Western-style diet (WD).

METHODS

For each of the 2 studies, 10 healthy subjects at modestly
increased risk of colorectal neoplasia with a personal history of
colorectal adenomas or a first-degree relative with a history of
colorectal cancer or adenomas were recruited. Subjects included
9 men and 11 women (Table 1; detailed description is shown in
Supplemental Table 1). Exclusion criteria included a history of
cancer other than nonmelanoma skin cancer, previous intestinal
surgery, a history suggestive of malabsorption, consumption of
medications with anti-inflammatory properties such as non-
steroidal anti-inflammatory drugs or statins, and any contrain-
dications to undergoing a sigmoidoscopy and biopsy, including
any history of excessive bleeding. The study was approved by
the institutional review board of the Rockefeller University
(New York, New York), and written informed consent was ob-
tained from each subject before participation in the study. In-
dividuals performing the endpoint analyses were blinded to the
diet details.

Subjects consumed a WD developed by the Nutrition De-
partment at Rockefeller University. This w2200-kcal diet (40%
derived from fat, 20% from protein) included 400 mg Ca and
was relatively low in vitamin D content (Supplemental Table
2). After screening for exclusion criteria, volunteers underwent
baseline testing, which included fasting blood tests, urine anal-
ysis, and evaluations of the nutritional composition of each
subject’s prestudy diet by trained nutritionists by using The
Food Processor Software Program, version 8.8.0 (ESHA Re-
search) (Supplemental Table 2). A food-frequency questionnaire
was administered once to assess the prestudy diets. For the
duration of the studies, all subjects were admitted to the meta-
bolic beds of the Rockefeller University hospital Center for
Clinical and Translational Science Award and counseled
throughout the study to maintain their usual physical activity.
All main meals were consumed in the inpatient facility. The

subjects were allowed to consume their research study lunch
outside Rockefeller University Hospital. The prepared diets
were considered part of the intervention, and all meals were
consumed. Compliance was ensured by careful recruitment of
the volunteers by the research nursing staff. Regular safety blood
testing, which included measurement of serum calcium, phos-
phorus, and renal function tests, was performed.

Procedures and sample collections

Complete blood counts, serum electrolytes, renal function
tests, and lipid profiles were performed by the clinical chemistry
laboratory at Memorial Sloan-Kettering Cancer Center. Flexible
sigmoidoscopies were performed after a 60-mL tap water enema
between 0800 and 1000. Rectosigmoid mucosal biopsy speci-
mens were taken w15 cm from the anal verge as described
previously (15, 16). Six biopsy specimens for gene expression
analysis were taken, immediately frozen in liquid nitrogen, and
stored at 2808C.

Experimental study design

Two crossover studies of 4 wk in duration with a 4-wk
crossover washout period were performed. In each study, 10
subjects were randomly allocated in 5 blocks of 2 by using
a sequence of arrangement of AB, BA. The Rockefeller Uni-
versity Research Pharmacy did the randomization, and both the
subjects and investigators were blinded to the calcium in-
tervention. A summary of studies is shown in Figure 1. In all
studies, subjects consumed the standard WD (detailed in Sup-
plemental Table 2). In study A, the diet was supplemented with
2 g calcium carbonate/d. In study B, all subjects received 0.5 mg
(or 20 IU) 1,25(OH)2D3/d (Roche) taken as 0.25 mg (10 IU) just
before the morning and evening meals. After a 4-wk washout
period during which subjects consumed their normal diet, the
effect of adding 2 g calcium carbonate to the WD supplemented
with 0.5 mg (20 IU) 1,25(OH)2D3/d was investigated for 1 mo
(Supplemental Figure 1). To determine the effects of vitamin D
action on the rectosigmoid mucosa, 1,25(OH)2D3 was used to
obtain a rapid vitamin effect. Administration of oral vitamin D
would not have permitted a reproducible increase in serum
25-hydroxyvitamin D3 [25(OH)D3] concentrations in a small
group of subjects in this relatively short-term study. The primary
study endpoint was genome-wide gene expression in biopsy
specimens of the rectosigmoid colonic mucosa. Serum and
urinary calcium concentrations also were measured.

TABLE 1

Study subjects’ characteristics1

Age, y Weight, kg Height, cm BMI, kg/m2

Sex, n Ethnicity, n

M F W AA O

Study A 57.9 6 7.82 80.76 6 16.16 171.1 6 10.71 27.35 6 2.78 5 5 9 1 0

Study B 58.1 6 5.84 90.49 6 21.17 170 6 12.62 28.79 6 5.99 4 6 7 3 0

1Subjects were excluded if they had a history of cancer other than nonmelanoma skin cancer, previous major intestinal

surgery, malabsorption or bleeding disorders, estrogen and/or progesterone replacement, supplemental vitamin D or

nonsteroidal anti-inflammatory drug intake, or systemic or bowel inflammatory disorder. For more details, refer to

Supplemental Table 1. AA, African American; O, other; W, white.
2Mean 6 SD (all such values).
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RNA extraction for expression analyses

Frozen human biopsy specimens were maintained in liquid
nitrogen until total RNAwas extracted by using the Trizol method
(Invitrogen). Trizol-extracted RNAwas further purified by using
Qiagen RNEasy kits (Qiagen Inc.), yielding high-quality RNA
suitable for microarray analyses. RNA quality was verified
by capillary electrophoresis on an Agilent 2100 Bioanalyzer
(Agilent Technologies), and RNA was quantified by NanoDrop
(NanoDrop Technologies). For gene arrays, RNAwas processed,
amplified, labeled, and hybridized to arrays, and each array was

scanned following standard recommended protocols as described
previously by using 2 platforms: study A used 28,000 comple-

mentary DNA arrays produced at the Albert Einstein College of
Medicine microarray facility as described previously. This

consisted of the polymerase chain reaction–amplified products of
w28,000 cloned sequences encompassing the annotated genome

(17); all 10 subjects had a full set of gene array paired data
available. Study B used commercial Affymetrix HG-U133

Plus2 arrays, with 8 subjects having a full set of paired gene
expression data.

FIGURE 1 Diagram of study organization. The figure represents an overview of the study design. All interventions were performed for 4 wk while
subjects consumed a WD with or without supplemental calcium (as 2 g calcium carbonate/d) (study A) or a WD supplemented with vitamin D (as 0.5 mg
calcitriol/d) with or without supplemental calcium (study B). There was a 4-wk “washout” period during which the subjects were advised by our nutritionists
to return strictly to their prestudy diet. There was no run-in period for study B because the WD was found to be so similar to the subjects’ prestudy diets. WD,
Western-style diet.

TABLE 2

Canonical pathways and gene ontology groups modulated by administration of the WD with or without calcium

supplementation1

FDR-q val [ or Y Database

WD

ANTIGEN_PROCESSING_AND_PRESENTATION 0.013 [ KEGG

INTERFERON_ALPHA_BETA_SIGNALING 0.014 [ REACTOME

TYPE_I_DIABETES_MELLITUS 0.023 [ KEGG

GRAFT_VERSUS_HOST_DISEASE 0.052 [ KEGG

INTERFERON_SIGNALING 0.064 [ REACTOME

NFAT_TFPATHWAY 0.031 Y PID

WD + 2 g Ca/d

No category or pathway enriched at significance criteria

(FDR # 0.05)

1The WD was high in fat content (40% of calories) and low in vitamin D (estimated as w150–200 IU/d) and calcium

(w450 mg/d). To determine effects of a high calcium intake, 2 g calcium carbonate/d was added to the WD. All of the

pathways upregulated are related to immune or inflammatory processes. FDR, false discovery rate; FDR-q val, false

discovery rate adjusted significance (q value); WD, Western-style diet; [, increase; Y, decrease.
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Gene array analyses

Albert Einstein College ofMedicine arrays were generated and
processed as described (17), and Affymetrix arrays were pro-
cessed in accord with the manufacturer’s recommendations.
Expression data were imported and normalized with GeneSpring
v12 software (Agilent Technologies) by using quantile normal-
ization. Data points for group analysis were averaged as done
previously in our clinical trials (15, 16). Because 2 different
gene array platforms were used, analyses of gene expression
data were performed by using Gene Set Enrichment Analysis
(18, 19), an approach better suited to directly compare changes
in gene expression across different platforms by using gene set

enrichment scores. Gene Set Enrichment Analysis is a compu-
tational method that determines whether an a priori defined set
of genes shows statistically significant differences between 2
data sets. We ranked gene expression differences between in-
tervention time points and baseline to identify gene sets that
were statistically significantly enriched after intervention (http://
www.broadinstitute.org/gsea). Gene Ontology, Canonical Path-
ways, and Transcriptional Factor Targets curated data sets were
used to interpret the results. Version 4 of the Gene Set Enrich-
ment Analysis Molecular Signature Database was used for this
study. Gene sets that were positively or negatively enriched at
P, 0.05 and a false discovery rate,5% (or false discovery rate

FIGURE 2 Heatmap of Gene Set Enrichment Analysis of canonical pathways. The WD induced small but significant upregulation of genes involved in
immunity-modulated pathways such as interferon signaling or antigen processing and presentation. Supplementation with calcium partially reversed these
changes toward baseline. The WD supplemented with vitamin D induced striking upregulation of genes involved in immune response and inflammation,
extracellular matrix, and cell adhesion and cell cycle. Addition of calcium largely reversed these changes. Only the top significant pathways and categories are
presented in the figure (FDR-q val, 0.005). For a full list of significantly enriched pathways and categories, please refer to Table 2 and Supplemental Table 4.
FDR-q val, false discovery rate adjusted significance (q value); WD, Western-style diet.
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,10% for Transcriptional Factor Targets) were considered sig-
nificant. Enrichment heatmaps were used to visualize enriched
categories across the interventional trials.

Statistics

The number of subjects was determined a priori by using
sample size estimates derived from alterations in rectosigmoid
gene expression observed in prior studies (15, 16), for the desired
power of 0.8, per gene a of 0.05, and SD of 0.5. Detailed
methods for statistical analysis of gene arrays are described
above. Paired t test performed in Excel 2013 (Microsoft
Corp.) was used to compare anthropometric measurements
and biochemical variables. Significance was set at a value of
P , 0.05.

RESULTS

All subjects successfully completed the study protocols and
procedures without ill effects. Serum calcium and phosphorus
concentrations did not change significantly with the interven-
tions, but serum blood urea nitrogen rose marginally in response
to calcium supplementation. Urine calcium output increased with
calcium supplementation in both study A and study B (details in
Supplemental Table 3).

The design of the 2 studies is summarized in Figure 1. The
primary endpoint was a change in gene expression in biopsy
specimens of the rectosigmoid mucosa. The goal of these studies
was to investigate the interaction of calcium and of 1,25(OH)2D3

during consumption of a WD.

Study A: effects of the WD with or without calcium
supplementation

For this study, baseline biopsy specimens were taken after
a 2-wk inpatient run-in period tominimize the effect of variation in
the subjects’ prestudy diets, followed by a 4-wk study of calcium
supplementation. In Table 2, it is shown that the WD modestly
upregulated pathways related to immune and/or inflammatory
processes but significantly downregulated the nuclear factor of
activated T cells pathway. Genes contributing most to the
pathway’s enrichment were human leukocyte antigen (HLA)
class genes ISG20, ISG15, IL1B, IL1A, FAS, TNF, IFNAR1, and
STAT2 (for full details for pathway changes and individual genes
involved, see Supplemental Figure 1). Calcium supplementation
of the WD showed no significant enrichment of any gene
pathway, but modest reversal of the effects of the WD was ob-
served (Figure 2). Of interest, calcium administration with the
WD was accompanied by upregulation of genes in the interferon
signaling and the IL-23 pathways.

Study B: effects of the WD supplemented with vitamin D
with or without calcium

To induce a rapid systemic active vitamin D effect, 1,25(OH)2D3

was administered in pharmacotherapeutic doses. The 1,25(OH)2D3

upregulated vitamin D receptor (VDR) transcription factor targets
(Figure 3, bottom), indicating that colorectal mucosal genes known
to be activated by vitamin D responded to this intervention. The
1,25(OH)2D3 induced striking upregulation of genes involved in
immune and inflammatory response processes such as chemokines

and cytokines, complement system genes and HLA genes, and
the cell cycle pathway genes such as DNA polymerases, cyclin-
dependent kinases, and mini chromosome maintenance genes.
Furthermore, 1,25(OH)2D3 induced significant upregulation of
cell adhesion and extracellular matrix genes such as collagens,
matrix metalloproteinases, integrins, and serine protease inhibitors
(Table 3, Figure 2, and Supplemental Table 4). The 1,25(OH)2D3

also induced striking upregulation of genes that are targets of
transcriptional factors known to play key roles in inflam-
mation, immune response, proliferation, and extracellular matrix
function (Figure 3 and Supplemental Table 5). Calcium ad-
ministration largely reversed the changes associated with
1,25(OH)2D3 supplementation (Figures 1 and 2 and Supple-
mental Table 4). For full details on significant pathways con-
tributing to enrichment underlying the effect of calcium, see
Supplemental Table 6.

FIGURE 3 Heatmap of Gene Set Enrichment Analysis of Transcrip-
tional Factor targets. The Western-style diet supplemented with vitamin D
induced significant upregulation of VDR target genes (VDR, FDR-q val =
0.09) and target genes of other transcription factors that have key roles in
immune response, proliferation, and extracellular matrix function. Addition
of calcium reversed these changes toward baseline. Note that only the top
significant pathways and categories are presented in the figure (FDR-q val ,
0.01). For a full list of significantly enriched pathways, please refer to
Supplemental Table 5. FDR-q val, false discovery rate adjusted significance
(q value); VDR, vitamin D receptor.
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DISCUSSION

Epidemiologic evidence suggests that higher calcium and/or
high vitamin D intake reduces colorectal neoplasia risk. Ran-
domized clinical trials have shown that calcium lowers adenoma
recurrence, possibly linked to circulating vitamin D concentra-
tions (2, 4). Mechanisms suggested as responsible for the ben-
eficial effects of calcium supplementation in WD-consuming
subjects (11–13) include reduced solubility of damaging bile
acids (20), fatty acids (21), or heme (22) in the colonic lumen
and lower proliferation of colonic epithelial cells (11). Never-
theless, it has been difficult to separate the relative actions of vi-
tamin D and calcium because of their biological interactions and
our incomplete understanding of their effects in the human colon.

To clarify interactions of calcium and vitamin D, we conducted
2 randomized clinical trials investigating the effects of supple-
menting calcium with or without supplementation with 1,25
(OH)2D3 in subjects at increased risk of colorectal neoplasia
consuming a WD. Because little is known about their actions in
the human colon, we used an unbiased approach studying al-
tered expression of canonical gene sequences in colorectal bi-
opsy specimens associated with calcium supplementation or by
1,25(OH)2D3 with or without calcium supplementation.

It was surprising that providing aWD alone induced only small
changes in gene expression. In contrast, 1,25(OH)2D3 produced
striking upregulation of genes involved in immune responses,
inflammation, extracellular matrix, and cell adhesion. Re-
markably, upregulation of these gene pathways was almost
completely eliminated by the addition of 2 g calcium carbonate/
d to the WD that contained w400 g Ca/d. To our knowledge,
ours is the first report to examine the effects of 1,25(OH)2D3

with or without supplemental calcium on global gene expression
in the human colorectum.

Others have investigated the effects of calcium and vitamin D
on the colon in human subjects. For example, a randomized study
showed that vitamin D or calcium administration, but not their
combination, reduced an inflammatory marker score (23).
Semiquantitative immunohistochemical studies of the distribu-
tion in colonic crypts of the calcium receptor, VDR, and
CYP27B1 and CYP24A1 proteins suggested that several effects
of vitamin D, such as an upregulated level of CYP27B1 or the
calcium receptor, were also reduced when calcium carbonate was
added (24). We also observed a similar effect on the whole-
genome scale as the 1,25(OH)2D3 regimen greatly increased the
expression of genes in immune and inflammatory, cell cycle, and

TABLE 3

Selected canonical pathways and gene ontology groups modulated by administration of vitamin D with or without

calcium supplementation1

FDR-q val [ or Y Database

WD + vitamin D

CHEMOKINE_SIGNALING_PATHWAY ,0.000 [ REACTOME

LEISHMANIA_INFECTION ,0.000 [ KEGG

INTERFERON_ALPHA_BETA_SIGNALING ,0.000 [ REACTOME

CYTOKINE_CYTOKINE_RECEPTOR_INTERACTION ,0.000 [ KEGG

NOD_LIKE_RECEPTOR_SIGNALING_PATHWAY ,0.000 [ KEGG

ASTHMA ,0.000 [ KEGG

IL12_2PATHWAY ,0.000 [ PID

G1_S_TRANSITION ,0.000 [ REACTOME

INTEGRIN1_PATHWAY ,0.000 [ PID

INTERFERON_GAMMA_SIGNALING ,0.000 [ REACTOME

CELL_ADHESION_MOLECULES_CAMS ,0.000 [ KEGG

ANTIGEN_PROCESSING_AND_PRESENTATION ,0.001 [ KEGG

MITOTIC_G1_G1_S_PHASES ,0.001 [ REACTOME

IL23PATHWAY ,0.001 [ PID

CHEMOKINE_ACTIVITY ,0.000 [ GO

CYTOKINE_ACTIVITY ,0.000 [ GO

INFLAMMATORY_RESPONSE ,0.000 [ GO

IMMUNE_RESPONSE ,0.000 [ GO

EXTRACELLULAR_REGION ,0.001 [ GO

REGULATION_OF_CELL_CYCLE ,0.001 [ GO

WD + vitamin D + 2 g Ca/d

CHEMOKINE_RECEPTORS_BIND_CHEMOKINES ,0.001 [ REACTOME

CHEMOKINE_ACTIVITY 0.011 [ GO

IMMUNE_RESPONSE 0.049 [ GO

PEROXISOME ,0.001 Y KEGG

EXCRETION ,0.001 Y GO

PEROXISOME 0.005 Y GO

SECRETION 0.012 Y GO

1The full list is shown in Supplemental Table 4. The WD was designed as high in fat content (40% of calories) and low

in vitamin D (estimated as w150–200 IU/d) and calcium (w400 mg/d). We determined the effects of vitamin D (0.5 mg

calcitriol) with or without 2 g supplemental Ca/d on rectosigmoid mucosal gene expression. Note that most of the pathways

or processes changed by vitamin D occurred in immune or inflammatory genes with some contribution of cell cycle genes

and extracellular matrix protein genes. Most of these effects of vitamin D were abrogated by calcium supplementation.

FDR-q val, false discovery rate adjusted significance (q value); WD, Western-style diet; [, increase; Y, decrease.

CALCIUM AND ACTIVE VITAMIN D IN HUMAN COLON 1229



matrix function pathways, and this effect was abrogated by
calcium supplementation. Importantly, gene enrichment analysis
showed that 1,25(OH)2D3 upregulated several vitamin D re-
sponsive genes, thus showing a direct effect of the vitamin on
the colonic epithelium. In addition, we also observed that cal-
cium supplementation reversed the modest upregulation of
genes involved in immune function and inflammation induced
by the WD containing only 200 IU of vitamin D content. These
results together imply that calcium markedly modulates the ef-
fects of 1,25(OH)2D3 in the colorectal mucosa.

Striking upregulation of immune and inflammatory gene
pathways induced by the 1,25(OH)2D3 regimen was unexpected,
although we are unaware of other whole-genome gene expres-
sion data for the human colon. However, several lines of ex-
perimental evidence point to a strong immunomodulatory effect
of 1,25(OH)2D3 on both the innate and adaptive immune sys-
tems (25). VDR is expressed in activated T cells and antigen-
presenting cells, and 25-a-hydroxylase, 1a-hydroxylase, and
24,25-hydroxylase enzymes involved in vitamin D metabolism
are expressed by cells of the immune system (26). Active vita-
min D also exerts pronounced effect on dendritic cells (27). The
immune system of VDR null or vitamin D–deficient mice is
grossly normal but shows increased sensitivity to autoimmune
diseases such as inflammatory bowel disease or type 1 diabetes
(28). VDR-deficient mice do not have a spontaneous increase in
cancer but are more prone to oncogene- or chemocarcinogen-
induced tumors (28). One randomized double-blind placebo-
controlled study showed that high-dose cholecalciferol
50,000 IU/wk for 12 wk, followed by 50,000 IU every other
week for 40 wk, did not significantly alter circulating in-
flammatory markers at the end of the study, confirmed by 3
other studies (29–33). On the other hand, low concentrations of
vitamin D are associated with a poorer clinical outcome in some
autoimmune disorders such as Crohn disease (34). Thus, the im-
mune-modulating effects of the vitamin may only be clinically
apparent in states of abnormal immune activation.

A further finding was the effect of 1,25(OH)2D3 on the ex-
pression of genes involved in the cell cycle and in proliferation.
Vitamin D has been reported to stimulate intestinal epithelial
cell turnover after a large small bowel resection in rats (35) and
also modulated CDK4 and CDK6 expression and localization in
muscle tissue (36). The effects of 1,25(OH)2D3 on the cell cycle,
extracellular matrix, and cell adhesion gene pathways that we
observed in our study have been also described in cell culture
studies by others (37). The biological mechanism for this ob-
servation in human colon is not clear, and further studies are
needed to clarify.

Although our study was conducted in a tightly controlled
environment in an inpatient metabolic unit, several limitations
could affect interpretation of the results. We used 1,25(OH)2D3 to
induce a rapid vitamin D effect on the colorectal epithelium,
which differs from the effect of vitamin D3 in the diet or 25(OH)
D3. To evaluate vitamin D actions on the colorectal epithelium,
we needed to achieve a rapid and reproducible local vitamin D
milieu. Oral vitamin D, even in large doses, results in variable
changes in 25(OH)D3 concentrations in individual subjects, es-
pecially in a relatively short-term trial in small numbers of
subjects (38). The more physiologic preparation of 25(OH)D3

medication is not available in the United States, so we elected to
use 1,25(OH)2D3. It is possible that administration of 1,25(OH)2D3

might have resulted in transcriptional changes that might differ
from those induced by oral vitamin D. However, 1,25(OH)2D3

did induce VDR transcriptional targets at the level of the co-
lorectal mucosa. In addition, it was shown in a previous study
that tissue levels of 1,25(OH)2D3 correlated closely with serum
concentrations (39). Nevertheless, it is uncertain whether co-
lonic epithelial 1a hydroxylation of circulating 25(OH)D3

would parallel gene expression signatures in the colon that oc-
curred with the administration of 1,25(OH)2D3 in this trial.

In summary, this randomized clinical study describes changes
in gene expression profiles in the colorectum in response to calcium
and/or 1,25(OH)2D3 supplementation in subjects at elevated risk of
colorectal neoplasia who were consuming a WD. The genes that
are VDR transcriptional targets were significantly upregulated
when 1,25-dihydroxyvitamin was provided, confirming this in-
tervention had an effect on the colon. We show that calcium
supplementation of a commonly consumed WD that is generally
low in calcium and vitamin D content had only modest effects
on gene expression. In contrast, 1,25(OH)2D3 induced gene
expression from several immune and inflammatory pathways, an
effect that was almost totally eliminated by addition of calcium
to the WD. To our knowledge, this is the first human trial ex-
ploring the interaction between calcium, 1,25(OH)2D3, and
whole-genome gene expression in the colorectal tissue. Our data
raise questions that have considerable implications for better
understanding of the chemoprevention of CRC by these agents.
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