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Dry eye disease is an ocular disease in which the stability of tear fluid decreases, causing ocular discomfort
and abnormal visual function as well as damage to the ocular surface. It has been reported that specific types
of food ingredients can promote lachrymal secretion, which is expected to prevent and improve dry eye. Here,
we evaluated the effects of a heat-killed form of Fructobacillus fructosus FMO-85, a species of fructophilic lac-
tic acid bacteria (FLAB) that is derived from the digestive tract of honeybees, on lacrimal fluid secretion using
a stress-induced dry eye mouse model. Male CS7BL/6J mice were fed a 3% FLAB-mixed diet 3 weeks before
stress loading. We observed that the tear fluid volume was decreased after stress loading, which was significant-
ly improved by FLAB treatment after 7 and 11 days. Mechanistically, the mRNA levels of brain-derived neuro-
trophic factor (Bdnf), one of the important growth factors involved in lacrimal fluid secretion, isoform-2 and -6
were increased in the hippocampus of FLAB-treated mice. Furthermore, the plasma levels of an anti-inflam-
matory cytokine, interleukin-10 (IL-10), increased in the FLAB-treated mice. These results suggested that the
ingredients contained in dried FLAB increase tear fluid volume by affecting the lacrimal secretion mechanism
and the production of inhibitory cytokines. In conclusion, the decrease in tear fluid volume after stress loading
was suppressed by FLAB intake. These results indicated that FLAB supplementation may be a useful strategy
for the prevention and treatment of dry eye.

Key words fructophilic lactic acid bacteria, Fructobacillus fructosus, tear film, brain-derived neurotrophic factor,
interleukin-10, corneal epithelium

INTRODUCTION diseases, such as diabetic retinopathies,” glaucoma,® and age-
related macular degeneration.” Lactic acid bacteria (LAB) are
Gram-positive, non-sporulating, facultative anaerobic microor-

ganisms that are known to promote gut functions of the host,

Dry eye is a disorder caused by reduced tear fluid retention
due to decreased tear fluid secretion and leads to corneal cell

damage. Prolonged exposure by facing visual display termi-
nals (VDTs) is a risk factor for dry eyes, eye fatigue, and eye
inflammation.!® Therefore, many people are at potential risk
for these ocular conditions because VDTs are indispensable in
modern life and work. Currently, drugs approved for the treat-
ment of dry eye target increased mucin secretion and corneal
epithelial damage. There is a need for daily preventative meas-
ures potentially derived from foods with functional abilities to
prevent stress-induced damage to the eyes.

Growing evidence suggests the interconnection between
the gut microbiota and the central nervous system, including
the eyes.® The gut microbiome is implicated in several ocular

including humans.® Interestingly, oral administration of Lac-
tobacillus fermentum, which belongs to the genus of Lactoba-
cillus, relieved benzalkonium chloride solution-induced dry
eye,” suggesting that specific types of LABs could be benefi-
cial for eye health, including ocular surface disorders.

The recently discovered fructophilic lactic acid bacteria
(FLAB) have been characterized as a special group of lactic
acid bacteria that prefer fructose instead of glucose as a car-
bon source.!” Fructobacillus species, including Fructobacillus
fructosus, are new species of Gram-positive lactic acid bac-
teria belonging to the family Lactobacillaceae, which grow
in fructose-rich environments such as flowers, fruits, and
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fruit ferments.!) FLAB is associated with the gastrointesti-
nal tracts of honeybees.!? To adapt to the environments in the
insect guts, the genomes of FLAB have acquired a deletion
of the bifunctional alcohol/acetaldehyde dehydrogenase gene
(adhE)."» Recently, using an in vitro system, it has been shown
that FLAB exhibits functional properties as a biocontrol agent,
which regulates the growth of undesired microbes.!¥ However,
it remains unclear whether FLAB intake is beneficial for mam-
mals, including humans.

Here, we focused our studies on the FLAB strain F. fruc-
tosus FMO-85, which is derived from the digestive tract of
honeybees. We evaluated the effects of F. fructosus FMO-85
on lacrimal fluid secretion using a constrained blast dry eye
mouse model. In addition, we examined the mRNA levels of
brain-derived neurotrophic factor (Bdnf) isoforms in the hip-
pocampus of FLAB-treated mice. To assess the impact of
FLAB on the general immunity of the whole body, we ana-
lyzed the amount of interleukin-10 (IL-10) in the plasma of
these mice.

MATERIALS AND METHODS

Bacterial Strain The FLAB strain F. fructosus FMO-
85 was supplied by API Co. Ltd. (Gifu, Japan) as a sterilized
heat-killed dried powder.

Animal Treatments C57BL/6J mice (male, five-week-
old) were obtained from Charles River Japan, Inc. (Kanagawa,
Japan). The schedule of the animal experiment is shown
in Fig. 1A. Mice were fed either the American Institute of
Nutrition (AIN)-93M standard purified diet (Oriental Yeast
Co., Tokyo, Japan) or the AIN-93M diet mixed with 3% (w/w)
of the sterilized and dried powder of FLAB from 3 weeks pri-
or to air stress until the last day of the study (38 days after the
start of feeding). A stress-induced dry eye model was estab-
lished as reported previously with a minor modification.'® In
short, mice that had reached the age of 8 weeks were restrained
in a treated polypropylene centrifuge tube that allowed breath-
ing/defecation for 4 h per day, and air was applied to the face
of each mouse during the restraint. This procedure was repeat-
ed for 4 days to induce dry eye symptoms. The mice were
housed under a 12-h light-dark cycle until harvest. The exper-
imental procedures were conducted according to the statement
of the Association for Research in Vision and Ophthalmolo-
gy (ARVO) for the Use of Animals in Ophthalmic and Vision
Research. All experiments were approved and monitored by
the Institutional Animal Care and Use Committee of Gifu
Pharmaceutical University.

Tear Secretion Volume Mouse tear volume was measured
before stress loading (days 0, 7, 14, and 20 after the start of
feeding), at each day of stress loading (every day from days

Table 1. List of Primer Sequences Used in This Study
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21 to 24), and after the end of stress loading (days 25, 27, 29,
31, 34, and 38). The tear volume was calculated by inserting
cotton phenol red threads (FCI Ophthalmic, Pembroke, MA,
USA) into the external eye angle for 15 seconds and dividing
the discolored length (mm) by the weight of the mouse (g).

Histological Analysis Histological analysis was car-
ried out as reported previously.'® Briefly, mice were euth-
anized with pentobarbital (150 mg/kg), and the mouse
eyes were enucleated. The eyeballs were fixed in 0.1 M
phosphate buffer (PB) containing 4% paraformaldehyde
(pH 7.4) for 48 h at 4°C. Paraffin-embedded sections (thickness:
5 um) were stained with hematoxylin and eosin. All the imag-
es were obtained using a BZ-X710 microscope (Keyence,
Osaka, Japan). The corneal epithelium thickness was measured
using photographs obtained with ImageJ software (National
Institutes of Health, Bethesda, MD, USA).

Isolation of RNA and Real-Time PCR Total RNA was
extracted from the mouse hippocampus using NucleoSpin
RNA (Takara Bio, Shiga, Japan), and a real-time PCR exper-
iment was performed according to the manufacturer’s instruc-
tions. The ¢cDNA library was created using a PrimeScript RT
Reagent kit (Takara Bio, Shiga, Japan) and then was subject-
ed to quantitative (qQ)PCR. The qPCR was performed on a
Thermal Cycler Dice Real Time System IIT (Takara Bio,
Shiga, Japan) using TB Green Premix Ex Taq II (Takara Bio,
Shiga, Japan) with the primer pairs shown in Table 1. The CT
values were normalized to Gapdh mRNA levels.

Enzyme-Linked Immunosorbent Assay (ELISA) Blood
was collected from the mice under anesthesia. Plasma was
obtained from the blood by centrifugation at 1,700 x g for
10 min. The level of IL-10 in the plasma was measured using
the Mouse IL-10 Quantikine ELISA kit (M1000B-1; R&D
Systems Inc., Minneapolis, MN, USA) according to the man-
ufacturer’s instructions. The absorbance was measured using a
Varioskan LUX microplate reader (Thermo Fisher Scientific,
Waltham, MA) at 450 nm with the correction wavelength set
at 540 nm.

Statistics Test results are presented as the mean + standard
error of the mean (SEM). The SPSS Statistics software (IBM
Armonk, NY, USA) was used for statistical comparisons.
Statistical comparisons were performed using the Tukey test
Student’s z-test, or Games-Howell test. A p-value < 0.05 was
considered statistically significant.

RESULTS

The Effects of a FLAB Strain on Tear Fluid Volume in
a Stress-Induced Dry Eye Model The FLAB used in this
study was the F. fructosus FMO-85 strain, which was ster-
ilized in a heat-killed dry powder form. Five-week-old male

Primer sequence (5°-3°)

Target G
arget Gene Forward

Reverse

Gapdh
Bdnfisoform 1
Bdnf'isoform 2
Bdnfisoform 4
Bdnf'isoform 6
Total Bdnf

5’-AGGAGCGAGACCCCACTAAC-3’
5’-CACATTACCTTCCTGCATCTGTTG-3’
5’-TTGGGAAATGCAAGTGTTTATCA-3’

5’-CAGAAGCGTGACAACAATGTGA-3’
5’-ACTATGGTTATTTCATACTTCGGTT-3’

5’-CTGCCTTGATGTTTACTTTGACAAG-3’

5’-GATGACCCTTTTGGCTCCAC-3’
5’-ACCATAGTAAGGAAAAGGATGGTCAT-3”
5’-CGAAGTATGAAATAACCATAGTAAGGAAAA-3’
5’-ACCATAGTAAGGAAAAGGATGGTCAT-3’
5’-ACCATAGTAAGGAAAAGGATGGTCAT-3”
5’-CCATTCACGCTCTCCAGA-3’

The primer pairs for each isoform of mouse Bdnf were designed as reported previously.'s
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Fig. 1. Murine Food Intake and Body Weight Changes during the Study of the Effects of FLAB on a Stress-Induced Dry Eye Model

(A) The protocol for investigating the effects of F. fructosus FMO-85 on the stress-induced dry eye model. Black, red, and blue arrowheads indicate the time points of tear secre-
tion volume measurement (Analysis), stress loading (Stress), and tissue harvest (Harvest), respectively. (B,C) The graph shows the average food intake (g/day/mouse; B) and body
weight (g; C) in each group [Normal, AIN-93M diet without stress loading (black); FLAB, AIN-93M diet containing 3% FLAB without stress loading (purple); Dry eye, AIN-93M
diet with stress loading (red); and Dry eye + FLAB, AIN-93M diet containing 3% FLAB with stress loading (green)]. The data comprise the means + SEMs (n = 6-10).

C57BL/6J mice were used. The mice were provided with free
access to the AIN-93M diet or the AIN-93M diet mixed with
3% dried FLAB from 3 weeks prior to air stress until the day
of tissue harvest and proceeding to the last day of the study (38
days after the start of feeding) (Fig. 1A). Eight-week-old mice
were restrained in a treated polypropylene centrifuge tube for
4 h per day, and a blast of air was applied to the mouse face
during restraint. This procedure was repeated for 4 days to
induce damage. The FLAB-supplemented diet continued for 2
weeks after stress loading. The food intake was approximately
3 grams per day for each group, and there were no significant
differences in the food intake among groups (Fig. 1B). We also
found no significant differences in growth between the groups
with or without FLAB supplementation (Fig. 1C).

As shown by the black arrows in Fig. 1A, the lacri-
mal fluid volumes were measured using cotton phenol red
thread test (Fig. 2A) before blast stress (days 0, 7, 14, and
20 after the start of feeding), at each day of blast stress
(every day from days 21 to 24 after the start of feeding), and
after the end of the blast treatment (days 25, 27, 29, 31, 34,
and 38 elapsed days from the start of feeding). The lacrimal

fluid was significantly decreased after stress loading. Moder-
ate improvement of the lacrimal fluid volume was observed
between 7 and 11 days after stress loading (31 and 34 days
after the start of feeding, respectively) in the FLAB treat-
ment group (Fig. 2B). These results suggested that FLAB
may increase lacrimal fluid volume by affecting lacrimal flu-
id secretion.

Dry eye is a disease caused by decreased tear fluid reten-
tion due to decreased tear fluid secretion and leads to corne-
al cell damage. Compared to the normal group, the corne-
al epithelium layer in the stress loading group thinned down
(Figs. 3A, B). However, the defects in corneal epithelium
thickness after stress loading were not significantly improved
in the FLAB-fed group (Figs. 3A, B), which suggested that the
lacrimal secretion improved by FLAB treatment is not suffi-
cient for ameliorating the corneal damage induced by stress
loading.

The Effects of FLAB on Hippocampal Bdnf Expres-
sion in a Stress-Induced Dry Eye Model To elucidate the
mechanisms underlying the FLAB-mediated enhancement of
lacrimal secretion, we assessed Bdnf expression in the brain,
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Fig. 2. FLAB Intake Prevented the Decrease in Tear Fluid Volume in a Stress-Induced Dry Eye Model

(A) Representative images of cotton phenol red threads and (B) quantification of tear volumes in each group [Normal, AIN-93M diet without stress loading (black); FLAB,
AIN-93M diet containing 3% FLAB without stress loading (purple); Dry eye, AIN-93M diet with stress loading (red); and Dry eye + FLAB, AIN-93M diet containing 3% FLAB
with stress loading (green)]. The data comprise the means + SEMs (n = 6-10). #p < 0.05, ##p < 0.01 vs. Normal group, *p < 0.05, **p < 0.01 vs. Dry eye group (Student’s ¢-test).

which has been implicated in regulating tear fluid secretion. In
a previous report,' the expression levels of Bdnf transcripts
(isoforms 1 and 2) were reported to be reduced in the hip-
pocampus of stress loaded animals. On the last day of the
study (day 38 after the start of feeding), the RNAs in the hip-
pocampus were extracted for the qRT-PCR experiments. We
measured the most abundant brain Bdnf transcripts (isoforms
1, 2, 4, and 6). Total Bdnf'levels were assessed by the primer
pairs in exon 9, which is common to all the isoforms (Table 1).
The expression of total Bdnf (Fig. 4A), Bdnfisoform 2 (Fig. 4C),
and Bdnf'isoform 6 (Fig. 4E) were elevated in the FLAB treat-
ment group, but Bdnfisoform 1 (Fig. 4B) was not. On the con-
trary, FLAB intake tended to decline the level of Bdnf isoform
4, and significantly decreased it after stress loading (Fig. 4D).
Taken together, the intake of FLAB increases the expression

levels of specific Bdnfisoforms in the murine hippocampus.

The Effects of FLAB on Plasma IL-10 Levels in a Stress-
Induced Dry Eye Model Specific lactic acid bacteria are
known to activate M2 macrophages and stimulate the pro-
duction of inhibitory cytokines, such as the anti-inflamma-
tory cytokine IL-10.'” On the last day of the study (day 38
after the start of feeding), blood was drawn from the mice, and
plasma was harvested to determine the amount of IL-10 using
an ELISA technique. The plasma levels of IL-10 increased in
FLAB-fed mice (Fig. 5). This inhibitory cytokine production
stimulated by FLAB intake may contribute to the protection of
lacrimal secretion under stress conditions.
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Fig. 3. FLAB Treatment Had No Significant Effects on Corneal Epithelium Thinning in a Stress-Induced Dry Eye Model

(A, B) The mouse groups comprise the following: Normal, AIN-93M diet without stress loading (black); FLAB, AIN-93M diet containing 3% FLAB without stress loading
(purple); Dry eye, AIN-93M diet with stress loading (red); and Dry eye + FLAB, AIN-93M diet containing 3% FLAB with stress loading (green). (A) Representative images of
hematoxylin and eosin staining of the corneal epithelium. The black brackets represent the measured corneal epithelium thicknesses and are shown in B. Bar = 100 um. (B) Quanti-
tative data of the corneal thickness. The data comprise the means = SEMs (n =9, 10). ##p < 0.01 vs. Normal group (Tukey’s test).

DISCUSSION

In this study, we evaluated whether FLAB enhances lacri-
mal fluid secretion. The lacrimal fluid significantly decreased
after stress loading, which improved in the FLAB treatment
group (Fig. 2). Moreover, the mRNA levels of total Bdnf, and
Bdnf'isoforms 2 and 6 were elevated in the hippocampus of the
FLAB treatment group (Fig. 4). Finally, FLAB also increased
plasma IL-10 levels (Fig. 5). Taken together, the intake of
dried FLAB can improve tear fluid volume in a stress loading
mouse model.

Dry eye is a disease in which the stability of tear flu-
id decreases, causing ocular discomfort and abnormal visual
function as well as damage to the ocular surface. Food ingre-
dients with lacrimal fluid secretion effects are expected to pre-
vent and improve dry eye. We used the stress-induced dry eye
model in which stress loading is achieved by the combination
of a psychological stressor (restraint) and a mechanical stress-
or (blow).! In this particular model, an enriched environment
before or after stress loading can improve tear secretion.!® In

the current study, the decrease in lacrimal fluid after stress
loading was improved in the FLAB treatment group between 7
and 11 days after stress loading (31 and 34 days after the start
of feeding, respectively; Fig. 2B). However, there was a time
lag before the effect was observed. Additionally, we found no
significant improvement in corneal epithelium thickness with
and without FLAB treatment (Figs. 3A, B). This suggested
that the stress loading may be too severe to be protected by
tear secretion. Therefore, further studies are required to assess
whether FLAB can protect the ocular surface.

A BDNF polymorphism has been reported to be associated
with dry eye diseases in humans.'® Moreover, it has been sug-
gested that BDNF is involved in tear fluid secretion.!? It is also
known that lactobacilli suppress the decrease in BDNF levels
observed under conditions of chronic restraint stress.!? Inter-
estingly, we found that lactobacillus treatment increased Bdnf
mRNA expression in the murine hippocampus. The amount of
Bdnf expression in the hippocampus is more enhanced in the
dry eye model mice treated with FLAB (Fig. 4). We found that
FLAB promotes lacrimal fluid secretion. Thus, FLAB may be
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Fig. 4. Hippocampal Bdnf mRNA Expression Was Elevated in FLAB-Treated Mice

(A-E) The mouse groups comprise the following: Normal, AIN-93M diet without stress loading (black); FLAB, AIN-93M diet containing 3% FLAB without stress loading
(purple); Dry eye, AIN-93M diet with stress loading (red); and Dry eye + FLAB, AIN-93M diet containing 3% FLAB with stress loading (green). The hippocampal Bdnf transcripts
[isoform 1 (B), isoform 2 (C), isoform 4 (D), isoform 6 (E), and total (A)] were evaluated and are shown as the means + SEMs (n = 6-10). ##p < 0.01 vs. Normal group (Tukey’s
test), Sp < 0.05, $5p < 0.01 vs. Normal group or vs. Dry eye group (Games-Howell test), *p < 0.05 vs. Normal group (Student’s #-test).

useful as a lacrimal fluid secretion stimulant, which may sup-
press eye fatigue and discomfort associated with reduced eye
moisture. Moreover, FLAB may prevent dry eyes by main-
taining eye moisture. These results suggested that lactoba-
cilli increase tear fluid volume by affecting both the lacrimal
secretion mechanism and inhibitory cytokine production. The
decrease in tear fluid volume in the restrained blast dry eye
mouse model was suppressed by lactobacilli intake. These
results indicated that lactobacillus supplementation may be a
strategy for the prevention and treatment of dry eye.

The plasma concentration of IL-10 is higher in the group
treated with FLAB, the lacrimal fluid secretion stimulator
(Fig. 5). Since IL-10 is an anti-inflammatory cytokine believed
to suppress inflammatory responses, our results suggested that
the increased IL-10 in plasma may contribute to the reduc-
tion of eye fatigue and discomfort caused by reduced tear flu-
id secretion. Several studies have shown that probiotics, which
stimulate immune cells in the intestines, can increase plas-
ma IL-10 levels.2%2) Moreover, it has been reported that the
expression of IL-10 was increased by treatment with plas-
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Fig. 5. The Plasma IL-10 Levels Were Increased in the FLAB-Treated Mice

The mice groups comprise the following: Normal, AIN-93M diet without stress
loading (black); FLAB, AIN-93M diet containing 3% FLAB without stress load-
ing (purple); Dry eye, AIN-93M diet with stress loading (red); and Dry eye + FLAB,
AIN-93M diet containing 3% FLAB with stress loading (green). Plasma IL-10 levels
in each group are shown as the means = SEMs (n = 9-10). *p < 0.05 vs. Normal group
(Student’s #-test).
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ma from mice fed Lactobacillus pentosus TJ515.22 It remains
unclear how probiotics can stimulate the production of IL-10.
In the present study, we used dried powder forms of FLAB,
which may impact microbiota directly. Further investigation is
necessary to elucidate the mechanism underlying the effects of
FLAB on both the immune system and lacrimal secretion.
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