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Background: Vitamin D plays an important role in the immune response against infection. The purpose of the present study was to
investigate the influence of vitamin D deficiency on the progression of otitis media (OM) using an experimental rat model.
Methods: Four-week-old male Sprague-Dawley rats (n=72) were divided into two groups based on their diet: a control diet group
(n=36) and a vitamin D-deficient diet group (n=36). After 8 weeks of diet, experimental OM was induced by inoculation of non-
typeable Haemophilus influenzae in the middle ear cavity. The rats were evaluated with otomicroscopy to determine the inflamma-
tion in the middle ear mucosa on days 1, 2, 4, 7, and 14 post-inoculation. Bullae from sacrificed rats were collected and analyzed his-
tologically.

Results: The middle ear mucosa from rats with vitamin D deficiency showed a significantly higher thickness than that of controls
during the course of OM. The maximum mucosal thickness was 56.01+9.1 um in the vitamin D deficiency group, and 43.9+9.8 um
in the control group, although there was no significant difference in the tympanic membrane score between the two groups evaluated
with otomicroscopy. An immunohistochemical study showed increased expression of interleukin 6 (IL-6) and tumor necrosis factor
a in rats manifesting vitamin D deficiency and decreased expression of IL-10 compared with controls.

Conclusion: Our results showed that vitamin D deficiency may exacerbate the pathophysiological changes of OM via altered cyto-
kine production. Therefore, maintaining vitamin D status in the optimal range may be beneficial for proper management of OM.
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INTRODUCTION

Vitamin D is well known for its crucial role in bone and mineral

metabolism. Besides, its role in immune response to infection
has been an interesting topic in vitamin D research [1-3]. In the
pre-antibiotic era, sunlight exposure or cod liver oil, which pre-
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sumably raised the vitamin D level of individuals, was adopted
as an effective treatment for tuberculosis infection [3]. Recently,
accumulating evidence based on scientific studies suggests that
vitamin D plays an important role in the immune system. Vita-
min D receptor is expressed in most cells of the immune system
and its genetic polymorphisms have been associated with sus-
ceptibility to infection [4-6]. The vitamin D-activating enzyme,
25-hydroxyvitamin D (25(OH)D)-1a-hydroxylase, is also ex-
pressed in immune cells including macrophages, dendritic cells,
and T and B lymphocytes [4]. In addition, the mechanisms un-
derlying the immunoregulatory function of vitamin D including
regulation of cytokine profiles or antimicrobial peptides have
been reported [1-3].

Otitis media (OM) is one of the most common inflammatory
diseases associated with childhood. Approximately 80% of chil-
dren report at least one episode of acute OM and more than
40% experience three or more episodes by the age of 3 years
[7]. OM is caused by the interaction between multiple factors
including Eustachian tube dysfunction, viral and bacterial infec-
tion, exposure to smoke, and impaired host immunity [8,9].
Pathologically, OM is characterized by transformation and hy-
perplasia of the middle ear mucosa following infiltration of var-
ious inflammatory cells [10]. A variety of animal models have
been developed to explore and understand the pathophysiologi-
cal mechanisms of OM [11], although the mechanism underly-
ing hyperplastic changes has not been fully identified.

Several clinical studies reported a significant association be-
tween vitamin D status and OM [12-15]. However, little is
known about the role of vitamin D status in the pathophysiology
of OM. In the present study, we investigated the influence of vi-
tamin D deficiency on the progression of OM using an experi-
mental rat model.

METHODS

Animal and experimental design

A total of 72 male Sprague-Dawley rats (Harlan CPB, Horst,
the Netherlands) aged 4 weeks, and each weighing 200 to 230 g
at the beginning of the study were used. The rats underwent
1-week acclimatization to the animal facility prior to study. The
breeding room was maintained at a temperature of 21°C to
23°C with 40% to 60% humidity and a 12-hour light/darkness
cycle. The rats were divided into two groups based on their diet
(Rearch Diets Inc., New Brunswick, NJ, USA): control diet
group (n=36) and vitamin D-deficient diet group (n=36) as
shown in Table 1. Starting with day 1 of the experiment, the rats
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Table 1. Contents of Diet Provided to Experimental Rats
Ineredient Control diet Vitz_lmin D deficient
= (amount), g diet (amount), g
Corn starch 495.692 495.692
Matodextrin 10 125 125
Sucrose 100 100
Casein 140 0
Alcohol-extracted 0 140
casein
L-cystine 1.8 1.8
Cellulose, BW200 50 50
Soybean oil 40 40
t-Butyhydroquinone 0.008 0.008
Mineral Mix 35 35
S10022M
Vitamin Mix V10037 10 0
Vitamin Mix V13203 0 10
(no vitamin D)
Choline bitartrate 2.5 2.5
Total 1,000 1,000

were fed a control diet or a vitamin D-deficient diet for 8 weeks.
Subsequently, experimental OM was induced by inoculation of
nontypeable Haemophilus influenzae (NTHi) 3,655 in the mid-
dle ear of the rats. Rats were sacrificed on days 1, 2,4, 7, and 14
post-inoculation for evaluation. All care and experiments were
performed in accordance with the regulations of the Animal Re-
search Institute of Medical Science, Dongguk University, and
the study protocol was approved by the Animal Institutional Re-
view Board (AIRB no. 2016-02114).

Bacterial strain

NTHi 3655 was preserved in a deep freezer at —80°C. It was
used to induce OM with effusion. The bacteria were streaked
onto BD BBL™ chocolate IT agar dish (prod. no. 221169, Becton
Dickinson, Franklin Lakes, NJ, USA). The dish was incubated
overnight at 37°C and 5% CO.. Two colonies were selected and
blended with 25 mL Brain Heart Infusion Broth (prod. no.
B9500, Teknova Inc., Burlington, ON, Canada) and 1 mL of
Remel™ Fildes enrichment (prod. no. R45037, Thermo Fisher
Scientific, Waltham, MA, USA). The mixture was incubated
overnight at 37°C in the rotator, and centrifuged at 1,000 xg for
5 minutes. Finally, the solution contained a bacterial suspension
(10° cells/mL).
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Induction of otitis media

The tympanic membrane of rats was observed for abnormalities
such as middle ear effusion, using otomicroscopy. The anesthet-
ic solution used for the animals contained 0.1 mL/kg of ket-
amine (Bayer, Leverkusen, Germany) and 0.1 mL/kg of Zoletile
(Virbac, Carros, France). Under anesthesia, the rat was held in
the supine position. Anterior neck was disinfected with betadine
and a vertical incision was made. The soft tissue was dissected
and both bullae were exposed by pushing aside the strap muscle
and the submandibular gland. A 25 G needle tip was used to
pierce a hole in the bulla, and 0.05 mL of bacterial suspension
was injected into the hole.

Otomicroscopic examination

The anesthetic solution was injected on days 1, 2, 4, 7, and 14
post-inoculation to obtain a picture of the tympanic membrane
and to monitor the progress of OM. Inflammation of the middle
ear mucosa and middle ear effusion in all the rats was ensured
using a digital microscope-USB (Dino-Lite, New Taipei City,
Taiwan). Scoring of tympanic membrane was made based on
the otomicroscopic findings (0: normal; 1: 1/2 or less exudate,
congestion; 2: more than 1/2 exudate, severe congestion; 3:
high-pitched whole effervescent fluid, severe congestion).

Measurement of serum 25(OH)D concentration

The rats were anesthetized and 0.5 to 1 mL of blood was drawn
by cardiac puncture at the time of sacrifice. Blood samples were
collected in BD Microtainer SST™ (prod. no. REF 365967,
Becton Dickinson) and centrifuged. The collected serum sam-
ples were left in a —80°C deep freezer. For determination of vi-
tamin D levels, 25-OH vitamin D total ELISA kits (ALPCO,
Salem, NH, USA) were used. Each vitamin D concentration
was determined using spectrophotometry.

Immunohistochemistry of middle ear mucosa

The 72 bullae were fixed in 4% neutral buffered formalin for 24
hours, decalcified for over 3 days, using a decalcifying solution
(prod. no. DO818-1L, Sigma-Aldrich, St. Louis, MO, USA).
The tissue was embedded in paraffin and sliced to a thickness of
4 pm on a microtome (prod. no. RM2235, Leica, Nussloch,
Germany). For the analysis of mucosal thickness, hematoxylin
(prod. no. HHS32, Sigma-Aldrich) and eosin Y (prod. no.
E6003, Sigma-Aldrich) (H&E) stains were used on the prepared
slides. Photographs of each slide at 400x magnification were
obtained. To determine the expression of cytokines and antimi-
crobial peptides, all slides were immunostained with interleukin
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6 (IL-6) (prod. no. orb303667, Biorbyt Ltd., Cambridge, UK),
tumor necrosis factor a (TNF-a) (prod. no. ab6671, Abcam,
Cambridge, MA, USA), IL-10 (prod. no. P29456, Cloud-Clone
Corp., Huston, TX, USA), cathelicidin-related antimicrobial
peptide (CRAMP) (prod. no. sc-374218, Santa Cruz Biotech-
nology Inc., Dallas, TX, USA), and B-defensin 2 (prod. no.
251659, Abbiotec LLC, San Diego, CA, USA) and coupled
with 3, 3’-diaminobenzidine (prod. no. K3468, Dako North
America Inc., Carpinteria, CA, USA) for color development.
We obtained microscopic images and photographs at 400X
magnification of each slide using Olympus BX53F (Olympus,
Tokyo, Japan). All the detected antibodies were collected using
LEICA Qwin V3 (Leica Microsystems Imaging Solutions Ltd.,
Cambridge, UK) digital image processing and analysis soft-

ware.

Statistical analysis

Each subgroup was analyzed with the GraphPad Prism version
5.0 (GraphPad Software, San Diego, CA, USA) program using
the ¢ test. The results were considered statistically significant at
P<0.05.

RESULTS

Induction of otitis media with effusion

A summary of otomicroscopic findings of OM in the control
and vitamin D deficiency groups is presented in Fig. 1A. In-
flammation of each middle ear was graded according to the oto-
microscopic findings. The mean value of the tympanic mem-
brane scores in both groups are listed in Fig. 1B. The maximum
increase in OM with effusion in both groups occurred on days 1
and 2, which decreased subsequently. After day 7, the tympanic
membrane has almost returned to normal. However, there was
no statistical difference of the scores between control group and
vitamin D deficiency group.

Middle ear mucosal thickness

Bullae from control and vitamin D deficiency groups were
stained with H&E (Fig. 2A). The mucosal thickness of both
groups increased gradually from day 1. The middle ear mucosal
thickness of the vitamin D deficiency group was significantly
higher than that of the control group from day 2 to day 7 (Fig.
2B). On day 2, the maximum thickness was 56.0%+9.1 pum in the
vitamin D deficiency group and 43.94+9.8 um in the control
group, which represents 28.2% higher thickness in the vitamin
D deficiency group. On days 4 and 7, the mucosal thickness of

Copyright © 2018 Korean Endocrine Society



Control
group

Vitamin D
deficiency
group

Vitamin D Deficiency and Otitis Media

Day 14

3 —
--A-- Control group

)
S —& Vitamin D
é’ deficiency group
s
8 2r
£
o
=)
Q
‘g
<
o
g L
= 1
Gy
5]
g
3
Q
%)

0 : !

Day 1 Day 2 Day 4 Day 7 Day 14
Post-inoculation day e

Fig. 1. (A) Serial otomicroscopic images of middle ear in bacterially induced otitis media were taken for 14 days (x 90 magnification). (B)
The mean value of the tympanic membrane scores in the control group and vitamin D deficiency group (0: normal; 1: 1/2 or less exudate;
congestion; 2: more than 1/2 exudate, severe congestion; 3: high-pitched whole effervescent fluid, severe congestion).

the vitamin D deficiency group was 47% to 50% higher than
that of the control group. Most of the middle ear mucosa was
restored by day 14.

Measurement of serum 25(OH)D concentration

The serum 25(OH)D concentration was 75.191+43.43 ng/mL in
the control group and 17.43+15.10 ng/mL in the vitamin D de-
ficiency group (P<0.05) (Fig. 3).

Expression of cytokines in the middle ear mucosa

Immunohistochemical staining showed that proinflammatory
cytokine IL-6 detection area gradually increased from day 0
(0.27%=£0.10%) to day 7 (3.29%=%1.21%) in the vitamin D de-
ficiency group, while its detection area was slightly altered be-
tween day 1 and 7 in the control group. This difference of the
detection area made a statistical significance on day 7 (P<0.05)
(Fig. 4A, B). TNF-a detection areas also showed a gradual in-
crease from day 0 (0.29%£0.22%) to day 4 (3.12%=%1.37%) in
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the vitamin D deficiency group, while its detection area re-
mained almost unchanged between day 1 and 4 in the control
group. There was a statistically significant difference of the
TNF-a detection area between the control group and the vitamin
D deficiency group on day 2 (P<0.05) and day 4 (P<0.005)
(Fig. 4C, D). Anti-inflammatory cytokine IL-10 detection in-
creased gradually from day 0 (3.13%£1.23%) to day 7
(12.50%7=%4.11%) in the control group. Its expression also in-
creased from day 0 (3.02%1.02%) to day 2 (8.83%12.49%),
but decreased from day 4 (8.83%=%3.93%) to day 14 (7.28%*
2.30%) in the vitamin D deficiency group, which made a statis-
tically significant difference on day 7 (P<0.05) and day 14
(P<0.05) (Fig. 4E, F).

Expression of antimicrobial peptide in the middle ear
mucosa

The expression of innate immune defense factor CRAMP was
increased in the control group compared with the vitamin D de-
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Fig. 2. (A) H&E stain of middle ear mucosa (x 200 magnification). (B) Middle ear mucosa thickness. *P<0.005.

%gg [ ficiency group on day 1, but its expression was decreased in the
180 F ‘ control group compared with the vitamin D deficiency group on
}Zg I day 2 (Supplemental Fig. S1A, B). p-Defensin 2 was highly ex-
g 150 | pressed in the control group than in the vitamin D deficiency
g 143‘8 i group on day 7 (Supplemental Fig. S1C, D). Most of the
g 11 ?(0) i CRAMP and B-defensin 2 expression in both groups was recov-
é 100 F ered by day 7.
S wl
§ 70 + DISCUSSION
g 60
s Zg I Several clinical studies indicate that low vitamin D status is sig-
38 i nificantly associated with a high risk or severity of OM [12-15].
10 A recent case-control study by Cayir et al. [12] showed that the
0 . .

Control group Vitamin D deficiency group mean serum 25(OH)D level was significantly lower in children

with recurrent OM compared with controls (28.5 nmol/L vs.

Fig. 3. Serum 25-hydroxyvitamin D (25(OH)D) levels in the con- /2.9 nmol/L). Another case-control study by Walker et al. [13]
trol group and the vitamin D deficiency group. *P<0.05. also showed that children with a higher serum 25(OH)D level
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Fig. 4. Immunohistochemical stain and the average detection area (%) of (A, B) interleukin 6 (IL-6), (C, D) tumor necrosis factor o (TNF-a),
and (E, F) IL-10 for bacterially induced middle ear mucosa. *P<0.05; *P<0.005.

carried a lower risk of chronic OM with effusion (odds ratio,
0.86 per 10 nmol/L; 95% confidence interval, 0.77 to 0.97). In a
randomized controlled trial, administration of vitamin D 1,000
IU per day for 4 months significantly reduced the risk of un-
complicated acute OM in children with a history of recurrent
acute OM (hazard ratio, 0.23; 95% confidence interval, 0.12 to
0.46) [14]. In addition, a meta-analysis of five clinical studies
involving 16,689 subjects concluded that the lower vitamin D
level might play an important role in increasing the occurrence
of acute OM [15].

Despite the aforementioned clinical evidence showing a sig-
nificant association between vitamin D status and OM, little is
known about the pathophysiological changes underlying this
association. The middle ear mucosa normally consists of a sim-
ple squamous epithelium ranging from 15 to 20 pum in thick-
ness. However, bacterial infection or trauma can trigger infiltra-
tion of inflammatory cells leading to mucosal growth and pro-
liferation into a pseudostratified columnar epithelium that may
exceed 1,000 pm in thickness [10]. In the present study, the rats
showed a thickening of middle ear mucosa after induction of
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experimental OM. We found that rats with vitamin D deficiency
showed significantly higher mucosal thickness than controls
during the course of OM, particularly from day 2 to 7. This
finding indicates that vitamin D deficiency might be a factor
that exacerbates the pathological changes of OM.

Vitamin D appears to influence the host immune system via
multiple ways. One of the most important mechanisms involves
T-cell-mediated immunity and cytokine production. By activat-
ing the vitamin D receptors in T-cell, vitamin D promotes the
proliferation of type 2 helper T (TH2) cells and related cytokine
production while suppressing type 1 helper T (TH1) cell prolif-
eration and associated cytokine expression [1-3]. TH1 cyto-
kines, which include IL-2, interferon v, and TNF-a, are general-
ly considered proinflammatory. By contrast, TH2 cytokines in-
cluding IL-4, IL-5, and IL-10 appear to exhibit anti-inflamma-
tory effects [2]. Therefore, optimal vitamin D status leads to a
healthy and tolerogenic immune response, whereas vitamin D
deficiency may lead to a more proinflammatory state. Vitamin
D also appears to promote regulatory T-cell production, which
limits the extent of tissue damage [2,3]. In addition, it was

Copyright © 2018 Korean Endocrine Society
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shown that vitamin D inhibits the production of proinflammato-
ry cytokines in the respiratory epithelium by modulating the nu-
clear factor kB pathway [16,17]. In the present study, our results
also showed that the expression of IL-6 and TNF-a in the mid-
dle ear mucosa was increased, while IL-10 expression was de-
creased in the vitamin D-deficient rats, which indicates that vi-
tamin D deficiency may alter the host immune response to a
more proinflammatory state in OM.

It was also suggested that vitamin D upregulated the expres-
sion of antimicrobial peptide in phagocytes and epithelial cells.
The vitamin D receptor-binding site, the so-called vitamin D re-
sponse element, was discovered in the promoter regions of the
genes encoding antimicrobial peptides such as cathelicidin and
B-defensin 2, which have a lethal effect on microsomes [18-20].
However, this mechanism was shown to be conserved in only
humans and primates, but not in nonprimate mammals includ-
ing mice and rats [19,20]. Immunohistochemistry of our study
showed an inconsistent result. The expression of CRAMP on
day 1 after induction of OM was decreased in the vitamin D de-
ficiency group compared with controls, but its expression on
day 2 was increased in the vitamin D deficiency group. The ex-
pression of B-defensin 2 was decreased in the vitamin D defi-
ciency group compared with controls on day 7. In addition, oth-
er antimicrobial factors such as reactive oxygen species and ni-
tric oxide synthase were also known to be stimulated by vitamin
D [3,21].

The present study has a few limitations. First, the role of vita-
min D in the OM pathophysiology was investigated only in rats
with vitamin D deficiency. To elucidate the effects of vitamin D
on the development or progression of OM, further studies in-
vestigating the role of vitamin D supplementation are needed.
Second, the altered expression of cytokines in the middle ear
mucosa resulting from vitamin D deficiency was demonstrated
immunohistochemically. Serum levels of cytokines were not in-
vestigated in the present study. Therefore, it is not clear whether
the role of vitamin D in the progression of OM is mediated via
local or systemic mechanisms.

In conclusion, our study showed that pathological changes in
the middle ear mucosa derived from OM were more severe in
rats with vitamin D deficiency compared with controls, al-
though the duration of OM was not different between the two
groups. Our results also showed that vitamin D deficiency is as-
sociated with a proinflammatory state due to the increased pro-
duction of proinflammatory cytokines and decreased expression
of anti-inflammatory cytokines. Based on these findings, we
suggest that vitamin D deficiency may exacerbate the patho-
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physiological changes of OM via altered cytokine production.
Therefore, maintenance of vitamin D status in the optimal range
may be critical to successful clinical management of OM. The
influence of vitamin D supplementation on the pathophysiology
of OM requires additional investigation.
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