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esophagus, and stomach. Results: Mouse B-defensin-3 mRNA expression was
higher in the esophagus than in the gingiva or stomach (p<0.05). In the esophagus,
mouse B-defensin-3 mRNA expression was lower in stressed mice than in non-
stressed mice (p<0.05). Furthermore, immunoreactivity to mouse -defensin-3 pro-
tein was lower in the esophagus of stressed mice than non-stressed mice, consistent
with the results of mRNA expression analysis. Systemic glucocorticoid administra-
tion also downregulated esophageal mouse B-defensin-3 mRNA expression. Con-
clusion: Our novel findings show that stress decreases mouse -defensin-3 expres-
sion in the esophagus of mice with diabetes, possibly due to increased endogenous
glucocorticoid production. It appears to be highly likely that stress management
may normalize mucosal antimicrobial defenses in patients with diabetes.
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barriers.”!® In patients with diabetes mellitus (DM), im-
paired wound healing in the skin (e.g., foot lacerations) rep-
resents a potentially serious condition, as diminished im-
mune responses are major factors in the development of
skin ulceration and infection. !>

Defensins are small cationic antimicrobial peptides that
contain disulfide bonds and are an integral component of host
innate immune defenses against microbial pathogens. Defen-
sins are classified into o and 3 subfamilies.'® The a-defensins
are found in human neutrophils, while B-defensins are pro-
duced by the epithelial cells of many organs, including the
digestive mucosa. -defensins exhibit broad-spectrum of ac-
tivity against bacteria, viruses, and fungi, particularly at the
epithelial interface of mucosal surfaces.'™'® Thus, B-defensins
maintain homeostatic levels of commensal bacteria and pro-
tect against colonization by pathogenic microbes, constitut-
ing the first line of immune defense.”

Human B-defensin (hBD)-1 is expressed at a low level with
little regulation in response to infection or other stimuli,
whereas under normal conditions, hBD-2 and hBD-3 are gen-
erally expressed at low levels in vivo. hBD-2 is expressed in
the mucosal epithelium and exhibits potent antimicrobial ac-
tivity against a variety of pathogens.” A murine homologue of
hBD-2 has been named as mouse f3-defensin-3 (mBD-3).%!

Psychological stress leads to the downregulation of mBD-
3 expression in the epidermis due to increased production
of endogenous glucocorticoids (GCs).!" The stress response
is orchestrated by the hypothalamic-pituitary-adrenal (HPA)
axis via corticosteroids. The negative consequences of stress
on epithelial functions such as permeability barrier homeo-

2224 could be ascribed to a stress-induced increase in

stasis
circulating levels of GCs;"' however, the relationship be-
tween stress-related GC levels and B-defensin expression in
the upper digestive mucosa is poorly understood. The pri-
mary objective of this study was to determine the effect of
stress on mBD-3 expression in the upper digestive mucosa

of NSY/Hos mice.

MATERIALS AND METHODS

Animals

Eight-week-old male NSY/Hos mice, a model for type 2
diabetes, were purchased from SLC (Shizuoka, Japan) and
used in the experiments at 26-27 weeks of age. The mice
were housed in groups of 5 animals per cage in a specific
pathogen-free room and maintained under a standardized

12-h light/dark cycle (lights on at 0700) and constant tem-
perature (224+3°C). All the mice were fed a high-fat diet”
and water containing 30% sucrose.?® All animal experi-
ments were conducted in accordance with accepted stan-
dards of animal care, under protocols developed according
to the Guidelines for Animal Experimentation of Kanagawa
Dental University, which was based on the Guidelines for
the Regulation of Animal Experimentation: International
Committee on Laboratory Animals and approved by the
committee of Ethics on Animal Experiments of Kanagawa
Dental University.

Restraint procedure

Mice were used for restraint-induced stress experiments at 27
weeks of age. Five mice were subjected to restraint stress and
5 were used as non-stressed controls. Stress was induced by
enclosing each mouse in a flexible wire mesh (5%5 mm)
shaped to fit its body. During restraint, the mice could move
only minimally and had no access to food or water. Because
mice show nocturnal behavior, they were restrained from
1800 to 1000 h (16 h) for 3 consecutive days. After release
from the restraining mesh, they were returned to their cages
and given access to food and water, as were the controls.?”

GC administration

Four 26-week-old mice were used to assess the effect of
systemic GC on B-defensin expression. Systemic GC was
administered by intraperitoneal injection of 9 pg of dexa-
methasone (450 pg/kg) in saline. Mice were injected 3 times
over 3 days." The dose was chosen based upon a previous
report concerning the function of the epidermal permeability
barrier.'*'>? An equal number of control mice received in-
traperitoneal administrations of the vehicle alone.

Plasma corticosterone and blood glucose levels

At the end of the experiment on the third day, the mice used
in the restraint experiment were deeply anesthetized with
sevoflurane and sodium pentobarbital (65 mg/kg, i.p.), and
blood samples were collected by axillary puncture between
1000 and 1200 h. For measurement of plasma corticoste-
rone levels, blood samples were collected into Venoject
tubes containing ethylene diamine tetraacetic acid (Terumo,
Tokyo, Japan). The tubes were immediately placed on ice
and then centrifuged (2000 rpm, 15 min, 4°C), after which
the plasma was separated and plasma corticosterone levels
were determined (SRL Inc., Tokyo, Japan). Blood samples
were also collected into BD Vacutainer® Plus plastic tubes
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containing sodium fluoride and disodium EDTA (Becton
Dickinson, Franklin Lakes, NJ, USA) for measurement of
blood glucose (Medical Labo Inc., Kanagawa, Japan).

Tissue preparation

Immediately following blood collection from mice used in
restraint-induced stress and GC administration experiments,
the anesthetized animals were sacrificed by decapitation.
The upper digestive mucosa, including the gingiva, esopha-
gus, and stomach, were removed between 1000 and 1200 h.
Esophagus samples were obtained from all mice from both
experiments, while samples of gingiva and stomach were
obtained only from mice used in the restraint-induced stress
experiment.

RNA isolation and real-time PCR
Total RNA was isolated from each tissue sample by using
ISOGEN Reagent (Nippon Gene Co. Ltd., Toyama, Japan)
according to the manufacturer’s instructions. RNA quality
was judged from the ribosomal RNA pattern after electro-
phoresis on a 1.5% agarose gel containing ethidium bromide
and visualization by ultraviolet illumination. RNA concentra-
tions were determined using a Bio Spec-nano spectropho-
tometer (Shimadzu Access Corp., Kanagawa, Japan). Com-
plementary DNA (cDNA) was synthesized from total RNA
by using a First-strand cDNA Synthesis Kit (Roche Diagnos-
tics Ltd., Lewes, UK). Real-time polymerase chain reaction
(PCR) was performed using a LightCycler system (Roche).
The primer sequences used to amplify the mBD-3 gene
sequence were 5’-GCT TCA GTC ATG AGG ATC CAT
TAC CTT C-3’ (forward) and 5’-CGG GAT CTT GGT
CTT CTC TA-3’ (reverse; PCR product: 218 bp), designed
and synthesized by Nippon Gene Research Laboratory
(Miyagi, Japan). PCR amplification of mBD-3 was per-
formed as follows: 95°C for 10 min, followed by 40 cycles
of 95°C for 10 s, 60°C for 15 s, and 72°C for 15 s. Mouse
B-actin was used as a housekeeping control and amplified
using LightCycler Primer sets (Search-LC, Heidelberg,
Germany; 95°C for 10 min followed by 40 cycles of 95°C
for 10 s, 60°C for 10 s, and 72°C for 10 s). Gene expression
is reported as the ratio of the mRNA copy number for the
target gene to that for B-actin for each sample.

Immunohistochemical analysis

Esophageal samples were obtained from animals that had
been subjected to restraint-induced stress; the samples were
fixed in 4% paraformaldehyde and 10%, 15%, and 20% su-

crose, and then embedded in Optimal Cutting Temperature
compound® (Sakura, Tokyo, Japan) in liquid nitrogen. Tis-
sues were stained with hematoxylin and eosin according to
standard techniques to assess morphological changes. Im-
munohistochemical analyses were performed using a His-
tofine Staining Kit (Nichirei, Tokyo, Japan).

Frozen tissue sections (3 pum thick) were preincubated in
3% H20: for 8 min. After washing in phosphate-buffered
saline (PBS), the sections were incubated with anti-mBD-3
polyclonal antibody (1:50; Santa Cruz Biotechnology Inc.,
Santa Cruz, CA, USA) for 1 h at room temperature, and
were then treated with rabbit peroxidase-labeled secondary
antibody (Nichirei) for 10 min at room temperature. The
chromogen was 3,3’-diaminobenzidine-tetrahydrochloride
in 0.003% H20: in PBS. The sections were counterstained
with hematoxylin. As a negative control, PBS was used in
place of primary antibody.

mBD-3 in situ hybridization

Complementary RNA (cRNA) probes were produced by in
vitro transcription of linearized pGEM-T Easy Vector (Pro-
mega, Madison, WI, USA). The probes consisted of chemi-
cally synthesized 120-mer sense and antisense oligonucle-
otides specific for mBD-3 (nucleotides 38-157 and 177-296
of the mBD-3 coding sequence; accession number, NM
013756.2). Digoxigenin (DIG)-11-UTP-labeled single-strand-
ed cRNA probes for mBD-3 were prepared using a DIG
RNA Labeling Kit (SP6/T7; Roche). The in situ hybridiza-
tion procedures have been described previously.*** Paraffin
sections (3 um thick) were digested with proteinase K (1 pg/
mL) for 20 min at 37°C. Hybridization was performed at
37°C for 16 h by using DIG-11-UTP-labeled single-strand-
ed cRNA probes dissolved in hybridization medium (Wako
Pure Chemical Industries, Tokyo, Japan). After hybridiza-
tion, mRNA was detected colorimetrically using a DIG non-
radioactive nucleic acid detection kit (Roche).

Statistical analysis

Statistical analyses were carried out using SPSS software,
version 17.0 (SPSS Inc., Chicago, IL, USA). The results are
reported as mean+SD values. Differences in plasma corti-
costerone and blood glucose levels were analyzed using the
Mann-Whitney U test. mBD-3 mRNA expression was ana-
lyzed by multiple comparisons in 3 groups using the Krus-
kal-Wallis test; if the differences were significant, they were
analyzed using the Mann-Whitney U test in each of the 2
groups. mBD-3 mRNA expression is described in terms of
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Fig. 1. Blood glucose and plasma corticosterone levels in stressed and non-stressed mice. Blood glucose (A) and plasma corticosterone levels (B) in
stressed and non-stressed mice (n=5), represented as mean+SD values. Statistical comparisons were made individually (between stressed and non-
stressed mice). Statistical significance was observed for plasma corticosterone levels (p<0.05), but not for blood glucose levels.
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Fig. 2. Expression of mBD-3 in the upper digestive mucosa. Real-time PCR
results for mBD-3 in the upper digestive mucosa (n=4). The results are rep-
resented as mean+SD values. Statistical comparisons were made among
the mBD-3 expression in the gingiva, esophagus, and stomach, and statisti-
cal significance was seen for mBD-3 among the 3 groups (p<0.05 for all).
mBD-3, mouse B-defensin-3; PCR, polymerase chain reaction.

the relative copy number ratio of mBD-3 to B-actin mRNA
for each sample. p values <0.05 were considered statistical-
ly significant.

RESULTS

Blood glucose and plasma corticosterone levels

Blood glucose levels were higher in stressed mice (296.40+
78.85 mg/dL, n=5) than in non-stressed control mice (236.80+
40.10 mg/dL, n=5), but the difference was not significant
(Fig. 1A). Plasma corticosterone levels were significantly
higher (p<0.05) in stressed mice (183.80+35.73 ng/mL, n=5)
than in non-stressed mice (126.44+25.89 ng/mL, n=5) (Fig.
1B). These results confirmed that the restraint conditions

used induce chronic stress in mice.

mBD-3 mRNA expression in the upper digestive
mucosa of non-stressed mice
Melting curve analysis demonstrated the presence of a single
fluorescence peak representing mBD-3 mRNA in all samples
(data not shown). Furthermore, a single band was observed
on agarose gel electrophoresis (data not shown). These find-
ings confirmed that the PCR product was mBD-3 mRNA.
mBD-3 mRNA expression was significantly higher in the
esophagus (0.03645+0.02405, n=4) than in the gingiva
(0.01025+0.005909, n=4) or stomach (0.000534+0.0007273,
n=4) (p<0.05 for all) (Fig. 2). Furthermore, mBD-3 mRNA
expression was significantly higher (p<0.05) in the gingiva
than in the stomach.

mBD-3 mRNA expression in the upper digestive
mucosa in stressed and non-stressed mice
Restraint-induced stress did not significantly alter mBD-3
mRNA expression in the gingiva (stressed mice, 0.00975+
0.007932, n=4; non-stressed mice, 0.01025+0.005909,
n=4) (Fig. 3A). However, mBD-3 mRNA expression was
significantly lower (p<0.05) in the esophagus of stressed
mice (0.00442+0.002369, n=4) than in non-stressed mice
(0.03645+0.02405, n=4) (Fig. 3B). Restraint-induced stress
did not significantly alter mBD-3 mRNA expression in the
stomach (stressed mice, 0.000494+0.0005212, n=4; non-
stressed mice, 0.000534+0.0007273, n=4) (Fig. 3C).

Immunohistochemical analysis of mBD-3 in the
esophagus of stressed and non-stressed mice
Immunohistochemical analysis indicated no mBD-3 ex-
pression was detected in the keratinized layers of the esoph-
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Fig. 3. mBD-3 mRNA expression in the upper digestive mucosa in stressed and non-stressed mice. Real-time PCR results for mBD-3 expression in gingival
(n=4) (A), esophageal (n=4) (B), and stomach (n=4) (C) tissue from stressed and non-stressed mice. The results are represented as mean+SD values.
Statistical comparisons were made individually (between stressed and non-stressed mice); significant differences were seen between the 2 groups for the
mBD-3 mRNA expression in the esophagus but notin the gingiva or stomach (p<0.05). mBD-3, mouse B-defensin-3; PCR, polymerase chain reaction.

ageal epithelium in stressed mice (Fig. 4A), while marked
mBD-3 expression in the keratinized layers of the esopha-
geal epithelium in non-stressed mice (Fig. 4B).

In situ hybridization analysis of mBD-3 mRNA in the
esophagus of stressed and non-stressed mice

Moderate mBD-3 mRNA signals were seen in the cyto-
plasm of epithelium cells in the esophagus of stressed mice,
but nonspecific signals were observed in the cell nuclei of
sections reacted with antisense probes (Fig. 5A). In non-
stressed mice, positive mBD-3 mRNA signals were noted
in the cytoplasm of epithelial cells, whereas nonspecific
signals were seen in the nuclei (Fig. 5B). These signals
were not localized in the keratinized layers but were local-
ized in the basal and suprabasal layers of the epithelium in
the esophagus. The sense probes did not show hybridiza-
tion signals in the epithelium of the esophagus (Fig. 5C).

mBD-3 mRNA expression in the esophagus of mice
treated with systemic GCs

To analyze whether decreased mBD-3 expression induced by
restraint stress can be attributed to increased GC, we admin-
istered dexamethasone intraperitoneally and assessed mBD-3
expression by real-time PCR. mBD-3 mRNA expression
was significantly (p<0.05) lower in the esophagus (0.00004+
0.0000197) of mice treated with systemic GCs than in the
esophagus of control mice (0.000124025+0.0000419) (Fig. 6).

DISCUSSION

Diabetes is an extremely common lifestyle-related disease.
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Fig. 4. mBD-3 protein expression in the esophagus of stressed and non-
stressed mice by immunohistochemical stain. The localization of mBD-3 in
the esophagus in stressed mice (A) and non-stressed mice (B) is shown by
immunohistochemical results. Positive mBD-3 immunoreactivity was found
in the keratinized layers of non-stressed mice, but not of stressed mice.
Scale bar reveals 20 pym. mBD-3, mouse B-defensin-3.

Because it is associated with various complications, pa-
tients must pay close attention to their lifestyle. Stress in-
creases blood glucose levels and negatively affects immune
function throughout the body and may thus increase the
likelihood of infection. In mice, mBD-3 is an important
component of the innate immune system and is one of the
first lines of defense against infection in the mucosa of the
upper digestive tract.?** However, it is unclear how stress
affects mBD-3 expression in patients with diabetes.

In this study, the mean blood glucose level of non-stressed
control NSY/Hos mice was 236 mg/dL. NSY/Hos mice
were established as an inbred animal model for spontane-
ous type 2 DM by selective breeding for glucose intoler-
ance within a closed colony of Jcl:ICR mice.** Based on
previous reports, our NSY/Hos mice were fed a high-fat
diet and water containing 30% sucrose.>>* Previous studies
have reported blood glucose levels of around 150 mg/dL in
NSY/Hos mice.* In our study, we established mice that had
diabetes with hyperglycemia.

Plasma corticosterone levels were significantly higher in
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mice (B) are shown by ISH with antisense probes. Positive mBD-3 signals were found in non-stressed mice, but not in stressed mice. No mBD-3 signals
were observed with sense probes (C). Scale bar reveals 20 um. ISH, in situ hybridization; mBD-3, mouse B-defensin-3.
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Fig. 6. mBD-3 mRNA expression in the esophagus of GC-treated and un-
treated mice. Real-time PCR results for mBD-3 expression in the esopha-
gus of GC-treated and untreated mice (n=4). The results are represented as
mean+SD values. Statistical comparisons were made individually (be-
tween GC-treated and untreated mice); mBD-3 expression significantly dif-
fered between GC-treated and untreated mice (p<0.05). GC, glucocorticoid;
mBD-3, mouse B-defensin-3; PCR, polymerase chain reaction.

stressed mice than in non-stressed mice; mice were subject-
ed to 16 h of restraint-induced stress each day for 3 d by
confining them in a flexible wire mesh, as described in our
previous reports.*® Psychological and physical stresses in-
crease plasma corticosterone in rodents, and we found that
chronic stress increased plasma corticosterone levels. Our
results indicated that we were able to induce hyperglycemia
with type 2 diabetes and establish a chronic stress model in
mice. Furthermore, the mean blood glucose level in the
stressed mice was 296 mg/dL, which was higher than that
in non-stressed mice, but not significantly different. In gen-
eral, an increased stress load results in increased blood glu-
cose levels, although the increase was insignificant in our
experiments. Because blood glucose levels were already el-
evated in stressed mice because of hyperglycemia, the stress
might not have increased the levels any further.

The level of mBD-3 mRNA expression was as follows
(in this order): esophagus>gingiva>stomach. Furthermore,

the mBD-3 mRNA level was higher in the gingiva than in
the stomach. These differences may be related to differenc-
es in mucosal surface structure of the gingiva, esophagus,
and stomach. Minimal mBD-3 mRNA expression was not-
ed in the stomach mucosa, which consists of a simple co-
lumnar epithelium. The mechanical barrier of the columnar
epithelium is inferior to that of squamous epithelium in the
upper digestive mucosa. Expression of the mBD-3 homo-
logue hBD-2 is very low in the human stomach during non-
Helicobacter pylori infection, suggesting another important
antimicrobial mechanism in the stomach. Furthermore, hBD-
2 expression is much higher in the healthy esophagus than
the stomach.?* The role of mBD-3 may be minimal in the
stomach mucosal epithelium. Furthermore, the stratified
squamous epithelium presents a strong barrier against bac-
terial infection, and keratinization provides a particularly
effective defense. Because the degree of keratinization in
the esophagus is lower than that in the gingiva, the level of
mechanical protection in the esophagus is lower. These ob-
servations are consistent with our finding that mBD-3 ex-
pression was higher in the esophagus than in the gingiva.
hBD-2 plays an important role in defending the oral muco-
sa against bacterial infection.”! Our novel data regarding
differences in B-defensin expression in the upper digestive
mucosa of mice with diabetes suggest that the innate protec-
tion provided by mBD-3 in the upper digestive mucosa is
the most important factor in preventing esophageal infection.
The results of our restraint-induced stress model indicat-
ed that mBD-3 expression was downregulated only in the
esophagus. It has been clearly established that stress ad-
versely affects the health of the upper digestive tract.>79-13
Aberg, et al." reported that stress decreases mBD-3 expres-
sion in normal mouse epidermis. Interestingly, they also
found that the stress-related decline in mBD-3 expression
increased the severity of bacterial infection. These reports
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agree with our present results that stress downregulates
mBD-3 mRNA expression in the esophagus, thereby de-
pressing innate immunity. These results together suggest
that stress can adversely affect esophageal health in patients
with diabetes.

No mBD-3 immunoreactivity was detected in the esoph-
agus of stressed mice, while an mBD-3 positive reaction
was detected in non-stressed mice. These results were con-
sistent with mBD-3 mRNA expression analysis by real-
time PCR. Thus, in the esophagus, stress results in downreg-
ulation of mBD-3 mRNA expression and mBD-3 protein
expression. Additionally, mBD-3 was detected in the kera-
tinized layers in non-stressed mice. These results were simi-
lar to those of previous reports indicating that the keratinized
layers often exhibit the highest expression of 3-defensin pro-
tein in humans, and may therefore be a site of B-defensin re-
tention.’”” These observations suggest that, in non-stressed
mice, mBD-3 protein localizes in the keratinized layers of
the esophagus to maintain homeostatic levels of commen-
sal bacteria and protect against colonization by pathogenic
microbes.

Although mBD-3 mRNA was detected in the suprabasal
layers, mBD-3 protein was localized in the keratinized lay-
ers of the esophagus in non-stressed mice. Dale, et al.*® re-
ported that the distribution of B-defensin mRNA and protein
differs in the human gingival epithelium. More importantly,
we found that the mRNA and protein levels of mBD-3 in
the esophagus were lower in stressed mice than in non-
stressed mice. Thus, both mBD-3 mRNA and protein ex-
pression may be downregulated by stress.

Dexamethasone administration led to downregulation of
mBD-3 mRNA expression in the esophagus. The effects of
dexamethasone include inhibition of the immune system
and reduction of inflammation. Endogenous GCs produced
by the adrenal gland yield similar effects. Stress results in
increased plasma levels of endogenous GCs via activation
of the HPA axis.*** The adverse effect of stress on mucosal
barrier function is reported to be mediated by increased lev-
els of GC;'>" thus, the results obtained from dexamethasone
administration can experimentally explain the negative ef-
fects of stress on host defenses. We administered dexameth-
asone at the same supraphysiologic dose described in previ-
ous reports.'** Recent reports indicate that mBD-3 protein
expression in the mouse epidermis is reduced by exposure
to stress or administration of dexamethasone.!" Reports in-
dicating that stress-induced production of endogenous GCs
negatively affects B-defensin expression were confirmed by

observations that blockading GCs through systemic admin-
istration of GC inhibitors can normalize mBD-3 protein ex-
pression during stress.!! Our results suggest that increased
GC may play an important role in the decrease in mBD-3
expression in the esophagus, and indicate that the effects of
stress are mediated by increased levels of endogenous GCs.
We assessed mBD-3 expression in the upper digestive
mucosa, and high mBD-3 expression was seen in the esoph-
agus. Additionally, our results suggest that the stress-in-
duced decline in mBD-3 expression was mediated by in-
creased GC levels in mice with hyperglycemia. Validation
of our results would suggest that stress management could
be an important approach for minimizing the adverse ef-
fects of stress on innate immunity in patients with diabetes.
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