
Letter to the Editor

Vitamin D deficiency exacerbates sensitization and allergic diarrhea in
a murine food allergy model

Dear Editor,

Food allergies (FA) are becoming increasingly common world-
wide, and, while their causes remain unclear, season of birth, lati-
tude, and sun exposure are all reportedly implicated in this
increase in food sensitization.1 Exposure to sunlight during early in-
fancy has been inversely correlated with food sensitization,2 and a
notable increase in FA risk has been observed in winter; this risk is
related to levels of vitamin D, which is produced following sunlight
exposure. Serum levels of 25-hydroxyvitamin D (25(OH)D) are
lowest during the winter months.1 Moreover, vitamin D reportedly
has multiple immunological effects, including the induction of tol-
erogenic dendritic cells and regulatory T (Treg) cells and the inhibi-
tion of B cell IgE production.1

Vitamin D is also important for maintaining mucosal barrier
function via the enhanced expression of genes encoding epithelial
tight junction proteins, including ZO-1, claudin 1, claudin 2, and E-
cadherin.1 Vitamin D deficiency could therefore contribute to
epithelial barrier dysregulation, causing excessive antigen expo-
sure and thus accelerated sensitization to food antigens. Vitamin
D deficiency caused by insufficient sun exposure has therefore
been hypothesized to be involved in the development of FA.1 How-
ever, the value of serum 25(OH)D level as an indicator of FA risk is
debatable; some studies report an inverse relationship between
serum 25(OH)D level and FA and sensitization, while others
show that excess vitamin D as well as vitamin D supplementation
increase FA risk.1 While vitamin D deficiency reportedly exacer-
bates allergic airway inflammation and airway hyperresponsive-
ness,3 and enhances the number of eosinophils and neutrophils
in bronchoalveolar lavage fluid in a murine model of allergic
airway disease,4 the effect of vitamin D deficiency on FA develop-
ment has thus far not been demonstrated in murine FAmodels. We
therefore investigated this important question using a murine FA
model to determine the effects of 25(OH)D deficiency
(Supplementary Methods). All studies were approved by the Ani-
mal Experiment Committee at Gifu Pharmaceutical University,
and were conducted according to the relevant guidelines.

Female BALB/c mice were fed either a vitamin D-deficient diet
(Deficient) or a control vitamin D-sufficient diet (Control), and
were intraperitoneally injected with an ovalbumin (OVA)/
aluminum hydroxide gel (alum) mixture before receiving
9 oral doses of 30 mg OVA to boost sensitization to OVA and

induce FA (Fig. 1A). Plasma 25(OH)D levels were confirmed to
be deficient in the Deficient mice, reaching a maximum of
20 ng/ml at day �1.4 Conversely, the Control mice maintained a
significantly higher and stable plasma 25(OH)D concentration
(Fig. 1B).

OVA-specific IgE and IgG1 were detectable in both Control and
Deficient mice plasma after intraperitoneal OVA/alum and oral
OVA administration, although the concentrations of both immuno-
globulins were significantly higher in Deficient mice (Fig. 1C).
Vitamin D deficiency therefore accelerated OVA sensitization
induced by intraperitoneal then oral routes.

Allergic diarrhea following each 30 mg dose of OVA was used
to assess FA, and was evaluated using previously described diar-
rhea scores5: 0, solid; 1, funicular; 2, slurry; and 3, watery. Scores
of 2 or 3 were taken to indicate allergic diarrhea (Fig. 1D, left
panel). The percent occurrence of allergic diarrhea following
each OVA dose is also shown (Fig. 1D, right panel). Deficient
mice displayed higher diarrhea scores and diarrhea occurrence
than Control mice, indicating that vitamin D deficiency pro-
moted sensitization to OVA and exacerbated the resulting FA
symptoms.

Next, we investigated the mechanisms by which 25(OH)D defi-
ciency promotes FA. Intestinal colonization with Clostridium coc-
coides and Clostridium leptum reportedly protects against FA
development through the regulation of innate lymphoid cell
function and intestinal epithelial permeability, as well as the in-
duction of protective Treg cells.6 Furthermore, vitamin D receptor
knockout mice reportedly display an altered commensal gut bacte-
ria composition, including a lower proportion of Clostridia.7 We
hypothesized that vitamin D deficiency impairs Clostridia coloni-
zation, and that thesemicrobiome changes are related to the accel-
eration of sensitization and the exacerbation of food allergy
symptoms. We found a non-significant reduction in C. coccoides
prevalence in Deficient mice compared to Control mice
(p¼ 0.155, Fig. 2A, left panel), and no differences in C. leptum prev-
alence (Fig. 2A, right panel). This suggests that changes to the in-
testinal flora with vitamin D deficiency were relatively minor in
our model.

The cytokine mRNA levels in the mesenteric lymph nodes,
the lymph nodes that drain from the small and large intestines,
were then determined using quantitative real-time reverse
transcriptase-polymerase chain reaction (qRT-PCR) (Fig. 2B).
Although levels of IFN-g did not differ significantly between the
groups, levels of TGF-b, a suppressive cytokine produced by Treg
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Fig. 1. 25(OH)D deficiency accelerates OVA sensitization and exacerbates allergic diarrhea. (A) BALB/c mice were fed either a vitamin D-deficient diet or a control vitamin D-suf-
ficient diet for 25 days prior to intraperitoneal (i.p.) sensitization with a mixture of ovalbumin (OVA) and aluminum hydroxide gel (OVA/alum). Mice then received 9 oral doses of
30 mg OVA to boost sensitization and induce allergic diarrhea. (B) Plasma 25(OH)D levels in the mice fed the vitamin D-deficient diet (Deficient), and in the mice fed a vitamin D-
sufficient control diet (Control), on days �25, �12, and �1. (C) Plasma concentrations of OVA-specific IgE (left panel) and OVA-specific IgG1 (right panel) in Deficient and Control
mice on days 13, 20, 27, and 31. (D) Diarrhea scores (left panel) and diarrhea occurrence (%) (right panel) in Deficient and Control mice after each of the 9 doses of oral OVA (30 mg).
Doses were administered between days 14 and 32. Diarrhea was defined as a score of 2 or 3. Values represent the mean ± standard error, and groups contained either six or seven
mice. Data are representative of two independent experiments. p.o., per os (oral administration); i.p., intraperitoneally. *p < 0.05, **p < 0.01, ***p < 0.005, ****p < 0.001.
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Fig. 2. 25(OH)D deficiency enhances IL-4 expression in the mesenteric lymph nodes and alters intestinal microbiota. (A) Expression of 16S rDNA from Clostridium coccoides and
Clostridium leptum in fecal matter collected on day 31, as determined by quantitative real-time reverse transcriptase-polymerase chain reaction (qRT-PCR). (B) Expression of the
cytokines IL-4, IFN-g, and TGF-b in mesenteric lymph nodes, collected on day 32 after the evaluation of allergic diarrhea. Expression was determined by qRT-PCR, and normalized
to b-actin expression levels. Bars represent the mean. Either six or seven mice were used per group. Data were obtained from a single experiment. Deficient, mice fed the vitamin D-
deficient diet; Control, mice fed a vitamin D-sufficient control diet.

Letter to the Editor / Allergology International xxx (2017) 1e32

Please cite this article in press as: Matsui T, et al., Vitamin D deficiency exacerbates sensitization and allergic diarrhea in a murine food allergy
model, Allergology International (2017), http://dx.doi.org/10.1016/j.alit.2017.08.010



cells that is also involved in Treg induction, were marginally lower
in Deficient mice compared with Control mice (p ¼ 0.123).

IL-4 is essential for the Th2 response, wherein it triggers B cell
activation and interacts with antigen-specific B cells to give isotype
switching and the generation of antigen-specific IgEs. IL-4 is also
involved in Th2 cell development, mast cell activation, and eosino-
phil infiltration into the gut mucosa. Additionally, IL-4 deficiency
reportedly impairs food allergy development.8 Conversely, gain-
of-function mutations in the IL-4 receptor a-chain increase suscep-
tibility to anaphylaxis.9 IL-4 is thus pivotal in the induction of FA
symptoms. In our system, IL-4 expressionwas significantly elevated
in the Deficient mice compared with the Control mice (p ¼ 0.0292,
Fig. 2B, left panel).

Although intraperitoneal sensitization is widely used in murine
FA models, this is not considered to be a natural food sensitization
route, and transcutaneous routes are thought to be more represen-
tative.10 In future studies, it will therefore be important to use a
transcutaneous sensitization model to investigate the effect of
vitamin D deficiency on FA development.

This is the first study to show conclusively that 25(OH)D defi-
ciency promotes sensitization and exacerbates FA in a murine
model, by mechanisms that could involve the increased expres-
sion of IL-4 in the mesenteric lymph nodes of vitamin D-deficient
mice.
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Supplementary Methods 

 

Animals 

Female BALB/c mice (SLC, Inc., Hamamatsu, Japan) used in experiments were housed 

in an animal research facility at a temperature of 23 ± 1°C and a humidity of 50 ± 10%. 

Six or seven mice per group were used in all experiments.  

 

Food allergy model 

To create the food allergy model, we modified a previously reported protocol [E1]. Briefly, 

female BALB /c mice were intraperitoneally injected with a mixture of 1 μg ovalbumin 

(OVA; Sigma-Aldrich, St. Louis, MO, USA) and aluminum hydroxide gel (Alum; Thermo 

Fisher Scientific, Waltham, MA, USA) on days 0 and 7 to induce sensitization. One 

week after the final sensitization with the OVA/alum mixture, sensitization to OVA was 

accelerated and food allergy was induced by the oral administration of 9 separate doses 

of 30 mg OVA dissolved in 0.2 ml PBS, at a rate of three doses per week.  

 

Vitamin D deficiency 

 Mice were fed either a vitamin D-deficient diet (AIN93M; Oriental Yeast, Tokyo, 
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Japan) to induce vitamin D deficiency, or a vitamin D-sufficient regular chow diet 

containing 2100 IU/kg of vitamin D (CE-2; CLEA Japan, Tokyo, Japan) as controls, from 

25 days prior to sensitization until the end of the experiment. 

 

Evaluation of food allergy symptoms 

Food allergy was defined as the occurrence of allergic diarrhea within 1 h of 

administration of 30 mg OVA, as described previously [E1]. The severity of diarrhea was 

assessed using the following scoring system: 0, solid; 1, funicular; 2, slurry; and 3, 

watery. Diarrhea scores of 2 or 3 were considered to be indicative of allergic diarrhea 

[E1]. 

 

Detection of OVA-specific IgE and IgG1 in plasma 

Plasma samples were obtained on days 13, 20, 27, and 31. Plasma concentrations of 

OVA-specific IgE and IgG1 were measured using an enzyme-linked immunosorbent 

assay (ELISA) according to a previously reported protocol [E1]. Briefly, a high 

protein-binding capacity ELISA plate (Nunc, Roskilde, Denmark) was coated with 

either anti-mouse IgE antibody (MCA419, clone LO-ME-3; Serotec, Oxford, UK) or 

anti-mouse IgG1 antibody (STAR81, Serotec), to capture plasma OVA-specific IgE or 
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OVA-specific IgG1, respectively. Biotinylated OVA was then bound to the captured 

OVA-specific IgE and OVA-specific IgG1, before horseradish peroxidase-conjugated 

streptavidin (Dako Cytomation, Glostrup, Denmark) was bound to the biotin (Pierce, 

Rockford, USA). The complexes were detected by measuring the absorbance at 492nm 

(reference 690nm) with an automatic ELISA plate reader (Titertek Multiscan MS, 

version 8, Labsystems Oy, Helsinki, Finland). 

 

Detection of Clostridium 16S rDNA in feces  

Feces were collected on day 31 from all mice, and DNA was purified from all samples 

using a QIAamp DNA Stool Mini Kit (QIAGEN, Hilden, Germany). Quantitative 

real-time reverse transcriptase-polymerase chain reaction (qRT-PCR), using SYBR 

Premix Ex Taq II master mix (Takara Bio) and a Takara Thermal Cycler Dice system, 

was performed as described previously to detect 16S rDNA from Clostridium coccoides 

and Clostridium leptum [E2]. The universal primers 926f and 1392r were used in 

control reactions. Primer sequences were as follows: 5′-AAACTYAAAKGAGACGG -3′ for 

926f; 5′-ACGGGCGGTGTGTRC-3′ for 1392r; 5′-AAATGACGGTACCTGACTAA -3′ and 

5′-CTTGAGTTTCATTCTTGCGAA-3′ for Clostridium coccoides; 

5′-GCACAAGCAGTGGAGT-3′ and 5′-CTTCCTCCGTTTTGTCAA-3′ for Clostridium 
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leptum. 

 

Detection of cytokine mRNA expression  

Cytokine mRNA levels were measured using qRT-PCR as previously described [E1]. 

Briefly, after the evaluation of allergic symptoms on day 32, animals were euthanized 

and their mesenteric lymph nodes were collected. Total RNA was extracted using TRI 

Reagent (Molecular Research Center, Cincinnati, OH, USA), and complementary DNA 

was prepared using PrimeScript RT Master Mix (Takara Bio, Shiga, Japan). Cytokine 

mRNA levels in the mesenteric lymph nodes were measured by qRT-PCR, using SYBR 

Premix Ex Taq II master mix (Takara Bio) and a Takara Thermal Cycler Dice system. 

β-actin (Actb) was used as an internal control. The following primer sets were used: 

5′-CATCCGTAAAGACCTCTATGCCAAC-3′ and 5′-ATGGAGCCACCGATCCACA-3′ for 

Actb; 5′-TCTCGAATGTACCAGGAGCCATATC-3′ and 

5′-AGCACCTTGGAAGCCCTACAGA-3′ for Il4; 5′-CGGCACAGTCATTGAAAGCCTA-3′ 

and 5′-GTTGCTGATGGCCTGATTGTC-3′ for interferon-gamma (Infg); and 

5′-GTGTGGAGCAACATGTGGAACTCTA-3′ and 5′-TTGGTTCAGCCACTGCCGTA-3′ 

for transforming growth factor-beta (Tgfb).  
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Statistical analysis 

All statistical analyses were performed using the EZR software package (Saitama 

Medical Center, Jichi Medical University, Saitama, Japan) [E3]. Data are expressed as 

the mean ± standard error. Differences in the levels of 25(OH)D, OVA- specific IgE, 

OVA- specific IgG1, mRNA, and 16S rDNA between groups were assessed using a 

Student’s t-test. Differences in diarrhea score between groups were assessed using a 

Mann-Whitney U test, and differences in diarrhea occurrence were assessed using 

Fisher’s exact test. P values <0.05 were considered to be statistically significant.  
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