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Lactobacillus plantarum and Bifidobacterium
bifidum alleviate dry eye in mice with exorbital
lacrimal gland excision by modulating gut
inflammation and microbiota+
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In order to understand the efficacy of probiotics against dry eye syndrome, we selected anti-inflammatory
probiotics Lactobacillus plantarum NK151 and Bifidobacterium bifidum NK175, which increased the ratio
of IL-10 to TNF-a expression, from the human gut bacteria collection and examined their effects on tear
secretion and cornea/conjunctiva inflammation in mice with excision of the unilateral exorbital lacrimal
gland and 1% atropine and 0.1% benzalkonium chloride solution (ELA)-induced dry eye. Exposure to ELA
significantly reduced tear secretion in mice, assessed by the phenol red thread tear test. However, oral
gavage of NK151 and/or NK175 significantly increased ELA-suppressed tear secretion, IL-10 expression,
and goblet cell population and decreased the ELA-induced corneal fluorescein-staining score, IL-1f and
TNF-a expression in the conjunctiva. They also suppressed ELA-induced myeloperoxidase, IL-1f, and
TNF-a expression. In particular, they increased the ratio of IL-10 to TNF-a expression in the colon. Their
treatments increased ELA-induced a-diversity reduction to that of the control group and partially restored
ELA-shifted B-diversity to that of the control group. Oral gavage of NK151 and/or NK175 reduced ELA-
induced Verrucomicrobia and Actinobacteria populations at the phylum level. Furthermore, they reduced
ELA-induced Bacteroidaceae, Akkemansiaceae, and AC160630_f populations and increased ELA-sup-
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lations exhibited significant correlation with the tear secretion volume. In conclusion, NK151 and/or
NK175 alleviated dry eye by modulating the expression ratio of pro-inflammatory cytokines such as TNF-a

rsc.li/food-function and anti-inflammatory cytokines such as IL-10 and gut microbiota composition.
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Dry eye disease (DED) is the most common eye disease,
accounting for >5% of the world’s population." DED can cause
ocular discomfort and visual impairment.>® Currently, the
occurrence of DED is significantly increasing due to the popu-
larization of air conditioning, increased wearers of soft contact

the mouse chow diet used in the present study. Table S2. Food intake and
weight gain of mice. Table S3. Effects of NK151, NK175, and NKM on the gut
microbiota composition at the phylum level in mice with ELA-induced dry eye.
Table S4. Effects of NK151, NK175, and NKM on the gut microbiota composition
at the family level in mice with ELA-induced dry eye. Table S5. Effects of NK151,
NK175, and NKM on the gut microbiota composition at the genus level in mice
with ELA-induced dry eye. Table S6. Effects of NK151, NK175, and NKM on the
gut microbiota composition at the species level in mice with ELA-induced dry
eye. Fig. S1. Effects of five gut bacteria isolated from the human fecal bacteria
collection on the LPS-induced TNF-a and IL-10 expression in macrophage cells.
Fig. S2. Effect of NK151 on the ELA-induced dry eye in C57BL/6 mice. Fig. S3.
The mixture of NK151 and NK175 (4 :1), NKm, alleviated ELA-induced colitis in
BALB/c mice. See DOI: 10.1039/d0f002984j
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lenses, and frequent usage of visual display terminals such as
smartphones and personal computers.®>” Dry eye increases the
expression of inflammation factors such as tumor necrosis
factor (TNF)-o and interleukin (IL)-1f in the ocular surface,
which causes damage of corneal epithelial cells and loss of
conjunctival goblet cells.*” Long-term dry eye progresses to
visual disturbance and tear film instability.® To treat patients
with DED, artificial tears, which contain hyaluronic acid,
cyclosporine A, and tetracyclines, are available.” Besides these,
other agents including anti-inflammatory components have
been developed.'®" However, the long-term application of
these medications sometimes leads to adverse drug reactions,
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such as ocular hyperemia, corneal calcification, ocular hyper-
tension, glaucoma, cataract, and infection.

The gut microbiota are involved in the development and
functioning of basic physiological processes of the host.'*"?
Therefore, they are closely associated with the occurrence of
multiple chronic diseases, such as obesity, psychiatric dis-
order, and chronic inflammatory diseases.'®'®> Recently, a
series of studies have highlighted the influence of the gut
microbiota on DED including Sjégren’s syndrome.'®*® Moon
et al. reported that the feces of patients with Sjogren’s syn-
drome had a higher abundance of Bacteroidetes and a lower
abundance of Bifidobacterium compared to those of healthy
individuals.'® They also reported that patients with DED had
increased Veillonella and reduced Subdoligranulum compared
to healthy individuals. de Paiva et al. reported that exposure to
desiccating stress/antibiotics caused Sjogren’s syndrome-like
dry eye in mice.”® Their exposure leads to a decrease in
Clostridium and an increase in Enterobacter, Escherichia/
Shigella, and Pseudomonas in the feces. The feces of patients
with Sjogren’s syndrome have a greater relative abundance of
Pseudobutyrivibrio, Escherichia/Shigella, Blautia, and
Streptococcus and a lower abundance of Bacteroides,
Parabacteroides, Faecalibacterium, and Prevotella than those of
healthy individuals. However, fecal microbiota transplantation
from the control mice alleviates DED in the transplanted
germ-free CD25 KO mice with Sjogren’s syndrome-like dry
eye.”! The probiotic IRT-5 also alleviates the ocular staining
score and IL-1f and IL-10 expression and increases
Lactobacillus populations in NOD.B10.H2b mice, a potential
model for primary Sjogren’s syndrome.>* Oral administration
of a Bifidobacterial mixture with fructooligosaccharide (a sym-
biotic combination) alleviates dry eye in patients with DED.*?
These results suggest that the gut microbiota and their
byproducts such as endotoxins and short chain fatty acids
(SCFAs) may be associated with the occurrence of DED.
Therefore, regulating the gut microbiota may be beneficial for
the therapy of DED.

In the present study, to understand the efficacy of probio-
tics against DED, we selected anti-inflammatory probiotics
NK151 and NK175, which increased the ratio of IL-10 to TNF-o
expression, from the human gut bacteria collection and exam-
ined their therapeutic effects on dry eye, colitis, and gut micro-
biota composition in mice with exorbital lacrimal gland exci-
sion and 1% atropine/0.1% benzalkonium chloride treatment
(ELA)-induced dry eye.

2. Materials and methods

2.1. Materials

Fluorescein sodium salt, lissamine green, LPS, 4',6-diamidino-
2-phenylindole dilactate (DAPI), and sodium thioglycolate were
purchased from Sigma (St Louis, MO). The antibody for TNF-a
was purchased from Santa Cruz Technology (Santa Cruz, CA).
Enzyme-linked immunosorbent assay (ELISA) kits for IL-1p,
TNF-a, and myeloperoxidase were purchased from R&D
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Systems (Minneapolis, MN). The ELISA kit for IL-10 and Alexa
Fluor 488 were purchased from Invitrogen (Waltham, MA).
Phenol red-impregnated cotton threads were purchased from
Zone Quick (Showa Yakuhin Kako Co., Ltd, Tokyo, Japan). De
Man, Rogosa and Sharpe (MRS) medium was purchased from
BD (Franklin Lakes, NJ). The QIAamp Fast DNA stool mini kit
was purchased from Qiagen (Hilden, Germany).

2.2. Animals

C57BL/6 mice (male, 18-21 g, 5 weeks old) and BALB/c mice
(male, 19-21 g, 7 weeks old) were obtained from Koatech
(Seongnam-Shi, Korea) and acclimated for 1 week before experi-
ments. Mice were housed in plastic cages with a raised wire
floor at 20-22 °C and 50 + 10% humidity under a 12 h light/
dark cycle (artificial light, 150 lux from 8 am to 8 pm), and fed
with water and a chow diet (ESI Table S1t) ad [libitum. All
animal experiments were approved by the Institutional Animal
Care and Use Committee of Kyung Hee University (IACUC no.
KHSASP-19-199) and performed in accordance with the NIH
and University Guide for Laboratory Animal Care and Usage.

2.3. Culture of Lactobacillus plantarum NK151 and
Bifidobacterium bifidum NK175 and their dosage regimen

Gut bacteria including NK151 and NK175, which suppressed
IL-18 expression in activated macrophages, were cultured in
general media for probiotics such as De Man, Rogosa and
Sharpe (MRS) broth, centrifuged at 5000¢ and 4 °C for 20 min,
and washed with saline. The collected cells were suspended in
saline and tyndallized by heating at 90 °C for 30 min twice, as
previously reported.** For the in vitro and in vivo experiments,
the collected cells were freeze-dried and suspended in saline.

2.4. Culture of peritoneal macrophages

For anti-inflammatory probiotics in activated macrophages,
TNF-o expression-suppressing NK151 and NK175, which did
not exhibit hemolytic activity in 7% v/v sheep blood-containing
agar plates, were selected from the human gut bacterial strain
collection in LPS-stimulated macrophages. Briefly, macro-
phage cells, which were isolated from the peritoneal cavity of
mice according to the method of Jang et al.,>* were suspended
in RPMI1640 containing 1% antibiotics and 10% fetal bovine
serum, seeded in a 6-well plate and incubated with LPS (100
ng mL ") in the absence or presence of gut bacteria (1 x 10°
CFU mL™") for 20 h (ESI Fig. $1f). TNF-a, IL-1B, and IL-10
levels were assayed in the cultured solution using ELISA kits.

2.5. Dosage regimen of Lactobacillus plantarum NK151 and
Bifidobacterium bifidum NK175

To decide the dosage of NK151 and NK175 in the in vivo
experiment, NK151 at dosages of 5 x 10% and 1 x 10° colony-
forming units (CFU) per mouse per day was orally gavaged
once a day for 10 days in mice with ELA-induced dry eye.
NK151 at dosages of 5 x 10° and 1 x 10° CFU per mouse per
day increased ELA-suppressed tear secretion (ESI Fig. S27).
Therefore, we orally treated NK151 and/or NK175 at a dose of 5
x 10® CFU per mouse per day in the in vivo experiments.

This journal is © The Royal Society of Chemistry 2021
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2.6. Preparation of mice with dry eye

To prepare mice with ELA-induced dry eye, mice were anesthe-
tized with 2% isoflurane and maintained with 1% isoflurane
and the mouse right exorbital lacrimal gland was excised, as
reported previously.”> Thereafter, one drop of 1% atropine/
0.1% benzalkonium chloride solution was added to the cornea
of the right eye twice a day for 5 days. Sham mice (SHA) were
operated without the right exorbital lacrimal gland excision
and not treated with 1% atropine/0.1% benzalkonium chloride
solution.

First, C57BL/6 mice were randomly divided into six groups:
(1) the CON group treated with the vehicle (0.1 mL of saline) in
control mice, (2) the SHA group treated with the vehicle in
sham mice, (3) the DE group treated with the vehicle in mice
exposed to ELA, (4) the LP group treated with NK151 (5 x 10°
CFU per mouse per day, suspended in 0.1 mL of saline) in
mice exposed to ELA, (5) the BB group treated with NK175 (5 x
10°® CFU per mouse per day, suspended in 0.1 mL of saline) in
mice exposed to ELA, and (6) the group treated with the NK151
and NK175 (3:2) mixture, NKM, (5 x 10° CFU per mouse per
day, suspended in 0.1 mL of saline) in mice exposed to ELA.
Second, BALB/c mice were randomly divided into three groups:
(7) the SHA group treated with the vehicle in sham mice, (8)
the DE group treated with the vehicle in mice exposed to ELA,
and (9) the group treated with the NK151 and NK175 (4:1)
mixture, NKm, (5 x 10> CFU per mouse per day, suspended in
0.1 mL of saline) in mice exposed to ELA.

Mice were sacrificed by CO, inhalation. Eyes with ocular
adnexa and colons were collected and stored at —80 °C for the
assay of biochemical markers. For the immunohistochemistry
assay, mice were transcardiacally perfused with 4% parafor-
maldehyde for eye tissue fixation. Eye tissues with the conjunc-
tiva were post-fixed with 4% paraformaldehyde for 4 h, cyto-
protected in 30% sucrose solution, frozen, and cut using a
cryostat.

2.7. Tear volume measurement

The tear volume was measured at day 10 after the treatment
with ELA.*° Phenol red-impregnated cotton threads were
placed in the lateral canthus for 30 s. The tear volume was
indicated as the length (cm) of the color-changed thread that
absorbed the tear fluid.

2.8. Eye-blink counting

The faces of mice with or without ELA-induced dry eye were
recorded for 3 min using a digital camera and the number of
eye blinks was counted.””

2.9. Corneal fluorescein staining

To examine corneal epithelial damage, corneal fluorescein
staining was performed, as reported previously.”® One microli-
ter of 2% fluorescein was dropped into the lateral conjunctival
sac and the corneal fluorescein-staining score (0, none; 1,
mild; 2, moderate; and 3, severe) was counted in four different
corneal areas (upper right, upper left, lower right, and lower

This journal is © The Royal Society of Chemistry 2021
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left areas of the cornea) 10 min after fluorescein treatment, as
reported previously.®

2.10. Conjunctival lissamine green staining

To evaluate conjunctival damage, lissamine green staining was
performed, as reported previously.>® One microliter of 20% lis-
samine green solution was dropped into the lateral conjunc-
tiva sac and the grade scale (0-4) for conjunctival damage was
scored.

2.11. Evaluation of meibomian lacrimal gland dysfunction

We observed the morphological changes in the eyelid margin
and meibomian gland orifices, as reported previously.*® The
dysfunction of meibomian glands including abnormalities of
lid margins and expression of meibum was scored from 0 to
3‘31

2.12. ELISA

Eye and colon tissues were homogenized with ice-cold radio-
immunoprecipitation assay lysis buffer containing a 1% phos-
phatase inhibitor cocktail and a 1% protease inhibitor cocktail
and centrifuged at 10 000g and 4 °C for 20 min.>* The resulting
supernatants were transferred to a 96-well plate. Cytokine
(TNF-o, IL-1B, and IL-10) and myeloperoxidase levels were
assayed using ELISA Kits.

2.13. Immunofluorescence assay

Immunofluorescence assay was performed according to the
method of Kim et al.*? Briefly, the sections of the eye with the
conjunctiva were washed with phosphate-buffered saline,
blocked with normal serum, incubated with antibodies for
TNF- (1:200), NF«B (1:100), and CD11c (1:200) overnight, and
treated with the secondary antibody for 2 h. The secondary
antibody conjugated with Alexa Fluor 488 (1:200) or Alexa
Fluor 594 (1:200) was then applied to visualize. The nuclei
were stained with DAPIL.

2.14. 16S rRNA gene pyrosequencing

Bacterial 16S rRNA gene pyrosequencing was performed
according to the method of Kim et al.** Genomic DNA was
extracted from fresh stools of mice using the QIAamp DNA
stool mini kit. Genomic DNA amplification was carried out
using barcoded primers, which targeted the V4 region of a bac-
terial 16S rRNA gene. Each amplicon sequencing was per-
formed using Illumina iSeq 100 (San Diego, CA, USA).
Pyrosequencing reads were deposited in the NCBI's short read
archive under accession number PRJNA674909.

2.15. Statistical analysis

All experimental data are given as mean + standard deviation
(SD) and analyzed using GraphPad Prism 8 (GraphPad
Software Inc., San Diego, CA). The significance was analyzed
by using the Kruskal-Wallis test with Dunn’s post-hoc test for
non-parametric analysis (p < 0.05).
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3. Results
3.1. NK151 and NK175 increased the ratio of IL-10 to TNF-o

expression in LPS-stimulated macrophages

We selected IL-10 expression-inducing probiotics NK151 and
NK175 from the human fecal bacteria strain collection. They
potently induced IL-10 expression in LPS-stimulated macro-
phages, while the TNF-a and IL-1p expression was suppressed
(Fig. 1A-C). In particular, NK151 and NK175 also increased the
ratio of IL-10 to TNF-a expression (Fig. 1D). NK151 and NK175
were identified as Lactobacillus plantarum and Bifidobacterium
bifidum on the basis of the results of Gram staining, 16S rRNA
gene sequencing, and API 50 CHL kit assay.

3.2. NK151, NK175, and NKM alleviated ELA-induced dry eye
in mice

We examined the effects of NK151, NK175, and their (3:2)
mixture, NKM, on tear secretion in C57BL/6 mice with ELA-
induced dry eye using the phenol red thread tear test (Fig. 2).
Exposure to ELA in mice for 5 days significantly reduced tear
secretion to 18.4% of sham mice on day 10 after the final
exposure to ELA (p < 0.05) (Fig. 2A and ESI Table S2). The tear
secretion volume of sham mice was not significantly different
from that of control mice. However, oral gavage of NK151,
NK175, or NKM significantly increased tear secretion 6 h after
the final gavage of probiotics: their treatments increased the
tear volume to 33.4%, 28.4%, and 31.3% of sham mice,
respectively. Exposure to ELA significantly increased the
corneal fluorescein-staining score in mice to 3.7 + 2.4 (Fig. 2B).
However, oral gavage of NK151, NK175, or NKM decreased the
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Fig. 1 Effects of NK151 and NK175 on the LPS-induced TNF-a, IL-1p,
and IL-10 expression in macrophage cells. Effects on TNF-a (A), IL-1f (B),
and IL-10 expression (C) and the IL-10 to TNF-a expression ratio (D).
Macrophage cells (1 x 10® CFU ml™) isolated from the peritoneal cavity
were incubated with NK151 (LP), NK175 (BB), and their (3:2) and (4:1)
mixtures (LB, 1 x 10° CFU ml™) in the absence or presence of LPS. The
control group (CON) was treated with saline instead of LPS. Data values
are described as mean + SD (n = 4). Means with the same letters are not
significantly different (p < 0.05).
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Fig. 2 NK151 and NK175 alleviated ELA-induced dry eye in C57BL/
6 mice. (A) Effects on tear secretion. (B) Effects on corneal fluorescein-
staining score. Effects on the TNF-a (C), IL-1p (D), and IL-10 expression
(E) and IL-10 to TNF-a expression ratio (F), assessed by ELISA. (G) Effects
on the TNF-a expression in the conjunctiva, assessed by immunofluor-
escence assay. NK151 (LP), NK175 (BB), and their (3:2) mixture (LB, 5 X
10° CFU per mouse per day) were orally gavaged daily for 10 days from
25 h after the exposure to ELA (exorbital lacrimal gland excision and 1%
atropine/0.1% benzalkonium chloride solution treatment). Normal
control mice (CON), sham mice (SHA), and mice exposed to ELA (DE)
were treated with the vehicle instead of probiotics. Data values are
described as mean + SD (n = 7). Means with the same letters are not sig-
nificantly different (p < 0.05).

ELA-induced corneal fluorescein-staining score. Of these, NKM
most potently suppressed the corneal fluorescein-staining
score to 0.4 + 0.5, followed by NK151 and NK175.

Next, we examined the effects of NK151, NK175, or NKM on
the IL-1p, IL-10, and TNF-o expression in the conjunctiva of
ELA-exposed mice using ELISA (Fig. 2C-E). ELA exposure sig-
nificantly increased the IL-1p and TNF-o expression, while the
IL-10 expression was decreased. However, oral gavage of NK151,
NK175, or NKM significantly suppressed the IL-1f and TNF-a
expression and induced the IL-10 expression. In particular, they
increased the ratio of IL-10 to TNF-a expression (Fig. 2F). Of
these, NKM increased the ratio of IL-10 to TNF-o expression
most potently. Assessed by the immunohistochemistry assay,
NK151, NK175, or NKM suppressed the ELA-induced TNF-a
expression in the conjunctiva of ELA-exposed mice.

3.3. NK151, NK175, and NKM alleviated ELA-induced colitis
in mice

We also examined the effects of NK151, NK175, or NKM on the
myeloperoxidase activity and IL-1p, IL-10, and TNF-a
expression in the colon of ELA-exposed mice (Fig. 3). Exposure
to ELA increased the myeloperoxidase activity, IL-1 and TNF-«
expression and NF-kB'/CD11c" cell population in the colon of
mice, while the IL-10 expression was decreased (Fig. 3A-D and
F). However, oral gavage of NK151, NK175, or NKM suppressed
the IL-1p and TNF-a expression and NF-xB'/CD11c" cell popu-
lation and induced the IL-10 expression. In particular, they
also increased the ratio of IL-10 to TNF-a expression in the
colon (Fig. 3E).

This journal is © The Royal Society of Chemistry 2021
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Fig. 3 NK151 and NK175 alleviated ELA-induced colitis in C57BL/
6 mice. Effects on the myeloperoxidase (MPO) activity (A), TNF-a (B),
IL-1p (C), and IL-10 expression (D), IL-10 to TNF-a expression ratio (E),
and NF-kB*/CD11c* cell population (F) in the colon. NK151 (LP), NK175
(BB), and their (3 :2) mixture (LB, 5 x 10° CFU per mouse per day) were
orally gavaged daily for 10 days from 25 h after the exposure to ELA
(exorbital lacrimal gland excision and 1% atropine/0.1% benzalkonium
chloride solution treatment). Normal control mice (CON), sham mice
(SHA), and mice exposed to ELA (DE) were treated with the vehicle
instead of probiotics. Data values are described as mean + SD (n = 7).
Means with the same letters are not significantly different (p < 0.05).

3.4. NK151, NK175, and NKM alleviated ELA-induced gut
dysbiosis in mice

Exposure to ELA caused colitis with dry eye in mice. Therefore,
we examined the effects of NK151, NK175, or NKM on the gut
microbiota composition in mice (Fig. 4). ELA exposure signifi-
cantly reduced the a-diversity (OUT richness) compared to that
of sham mice (Fig. 4A). However, oral gavage of NK175 most
potently increased ELA-induced o-diversity reduction to that of
the control group, followed by NKM and NK151. Exposure to
ELA also significantly shifted the B-diversity (PCoA) (Fig. 4B).
Oral gavage of NK151 and NK175 partially restored the ELA-
shifted p-diversity to that of the control group. ELA exposure
increased Actinobacteria, Verrucomicrobia, and Proteobacteria
populations and weakly, but not significantly, decreased
Firmicutes and Bacteroidetes populations at the phylum level
(Fig. 4C and ESI Tables S3-S6). However, NK151 and NK175
reduced ELA-induced Verrucomicrobia and Actinobacteria
populations. Furthermore, oral gavage of NK151, NK175, or
NKM reduced ELA-induced Bacteroidaceae, Akkemansiaceae,
and AC160630_f populations at the family level, PAC000664_g
and PAC001092_g, populations at the genus level, and
Bacteroides acidifaciens group, PAC001982_s, PAC002482_s
group, and AB606242-s populations at the species level
(Fig. 4D). Their treatments increased the ELA-suppressed
Lactobacillaceae and Muribaculaceae populations at the family
level, Lactobacillus, Prevotellaceae_uc, PAC001068_g,
PAC000186_g, KE159538_g, and PAC000198_g populations at
the genus level, and Lactobacillus murinus group,
Lactobacillus_uc, PAC001068_g uc, and PAC001070_s group
populations at the species level.
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To understand what kinds of gut microbiota are associated
with the therapeutic effects of NK151 and/or NK175 in mice
with ELA-induced dry eye, we analyzed the correlation coeffi-
cient between the tear secretion amount and gut microbiota in
mice treated with and without NK151, NK175, or NKM
(Fig. 4E). Lactobacillaceae (R = 0.473, p = 0.002),
Lactobacillaceae_uc (R = 0.435, p = 0.004), Lactobacillus (R =
0.470, p = 0.002), Ruminococcus_uc (R = 0.528, p = 0.001),
Lactobacillus murinus (R = 0.407, p = 0.008), Lactobacillus reuteri
(R =0.107, p = 0.501), and Ruminococcus_uc (R = 109, p = 0.491)
showed positive correlation with the tear secretion amount.
However, Bacteroidaceae (R = —0.345, p = 0.025),
Desulfovibrionaceae (R = —0.477, p = 0.001), Muribaculaceae (R
= —0.198, p = 0.208), Pseudoflavonifractor (R = —0.615, p <
0.001), Muribaculaceae_uc (R = —0.425, p = 0.005), Bacteroides
(R = —0.348, p = 0.024), and PA001061_s (R = —0.252, p = 0.108)
showed negative correlation.

3.5. NKm alleviated ELA-induced dry eye and colitis in mice

To confirm the ameliorating effect of the NK151 and
NK175 mixture against dry eye and understand the species/
strain specificity and mixing ratio in therapeutic effects, we
examined the effect of NKm, the NK151 and NK175 (4:1)
mixture, in BALB/c mice with ELA-induced dry eye (Fig. 5 and
ESI Table S27). Treatment with ELA significantly reduced tear
secretion to 28.9% of control mice after the final exposure to
ELA (p < 0.05) (Fig. 5A). However, oral gavage of NKm signifi-
cantly increased tear secretion to 40.6% of sham mice in ELA-
exposed mice after the final treatment with NKm. Oral gavage
of NKm decreased ELA-induced corneal fluorescein-staining
and lissamine green-staining scores (Fig. 5B and C). Oral
gavage of NKm significantly suppressed the ELA-induced IL-1f
and TNF-a expression and induced ELA-suppressed IL-10
expression using ELISA (Fig. 5D-F). Its treatment also
increased the ratio of IL-10 to TNF-a expression (Fig. 5G).
Assessed by the immunohistochemistry assay, NKm sup-
pressed ELA-induced TNF-o expression and increased the
number of goblet cells in the conjunctiva of ELA-exposed mice
(Fig. 5H and I). Furthermore, NKm alleviated ELA-induced
blinking and meibomian gland dysfunction (Fig. 5] and K).
Oral gavage of NKm significantly decreased ELA-induced IL-1f
and TNF-a expression and NF-kB'/CD11c" cell population and
induced ELA-suppressed IL-10 expression in the colon: it
increased the ratio of IL-10 to TNF-o expression (ESI Fig. S37).

4. Discussion

DED is accompanied by corneal epithelial damage, ocular
surface inflammation, and conjunctival goblet cell loss.>?
Patients with DED exhibit gut dysbiosis."*'® For example,
patients with DED had a higher abundance of Veillonella and a
lower abundance of Subdoligranulum in the gut microbiota
composition compared to that of healthy individuals."®
Patients with Sjogren’s syndrome, which exhibit dry eye, had a
higher abundance of Bacteroidetes and a lower abundance of
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Fig. 4 Effects of NK151 and NK151 on the gut microbiota composition in C57BL/6 mice with ELA-induced dry eye. Effects on the a-diversity (A, oper-
ational taxonomic units [OTUs]) and B-diversity (B, principal coordinate analysis [PCoA] plot based on Jansen—Shannon). Effects on the gut bacteria
composition at the phylum (C) and family levels (D). (E) The correlation coefficient between the tear secretion amount and gut microbiota. NK151 (LP),
NK175 (BB), and their (3 : 2) mixture [LB (3:2), 5 x 10° CFU per mouse per dayl were orally gavaged daily for 10 days from 25 h after the exposure to
ELA (exorbital lacrimal gland excision and 1% atropine/0.1% benzalkonium chloride solution treatment). Normal control mice (CON), sham mice (SHA),
and mice exposed to ELA (DE) were treated with the vehicle instead of probiotics. Data values are described as mean + SD (n = 7). The correlation
coefficient was analyzed using Spearman’s rho correlation analysis. Means with the same letters are not significantly different (p < 0.05).

Bifidobacterium compared to the healthy individual control.*®

To evaluate therapeutic effects of drugs against DED, numer-
ous animal models, such as NOD.B10.H2b mice, CD25 knock-
out mice, exorbital lacrimal gland-excised mice, intraorbital
and exorbital lacrimal gland-excised mice, and desiccating
stress/antibiotic-stimulated mice, have been
developed.?>*>**7*> These animal models exhibit ocular and
conjunctival inflammation and gut dysbiosis with dry eye.
Although not sufficiently studied, these results suggest that
gut dysbiosis may be closely associated with the occurrence
and severity of DED. Therefore, alleviating gut dysbiosis may
be beneficial for the therapy of DED.

In the present study, we found that exposure to ELA caused
tear secretion reduction and goblet cell loss in the conjunctiva.
Moreover, its exposure caused conjunctival inflammation: it
increased the expression of proinflammatory cytokines TNF-o
and IL-1f and their expression ratio to anti-inflammatory cyto-
kine IL-10 in the conjunctiva, which was a negative correlation
with the number of goblet cells. Moreover, conjunctival
inflammation reduces the goblet cell loss.”?® Goblet cells
secrete antibacterial proteins.’” Oral administration of NK151,
NK175, and their mixtures NKM and NKm alleviated ELA-
induced tear secretion reduction and corneal epithelial
damage in C57BL/6 and BALB/c mice with ELA-induced dry
eye. Their treatments suppressed IL-1 and TNF-a expression
and increased IL-10 expression in the conjunctiva. In particu-
lar, they increased the ratio of IL-10 to TNF-a expression. The

2494 | Food Funct, 2021, 12, 2489-2497

stimulation of TNF-a and IL-1p induces the differentiation of
ThoO into Th1 cells and polarization of resident macrophages
into M1 macrophages.*®?° The stimulation of IL-10 induces
the differentiation of ThO into Treg cells and polarization of
M1 into M2 macrophages.’”*' These results suggest that
exposure to ELA can cause dry eye with ocular inflammation
and NK151 and/or NK175 can alleviate dry eye and ocular and
conjunctival inflammation by regulating Th1 and Treg cell
differentiation and macrophage polarization through the
expression of pro-inflammatory and anti-inflammatory cyto-
kines. Moreover, oral administration of NK151 and/or NK175
increased ELA-suppressed goblet cell loss. These results
suggest that NK151 and NK175 may alleviate conjunctival
inflammation by increasing the secretion of antibacterial pro-
teins from goblet cells.

Exposure to ELA also increased the myeloperoxidase
activity, TNF-a and IL-1B expression, and NF-xB'/CD11c" cell
population and decreased the IL-10 expression and IL-10 to
TNF-a expression ratio, resulting in colitis. Oral gavage of
NK151 and/or NK175 ELA alleviated ELA-induced colitis.
These results suggest that oral administration of NK151 and/or
NK175 may alleviate ocular/conjunctival inflammation with
colitis by regulating the gut immune system including Treg
cell differentiation and NF-kB activation.

Sjogren’s syndrome is an autoimmune disease that
weakens the body’s moisture-secreting glands such as the lacri-
mal and salivary glands.”® The gut microbiota composition of

This journal is © The Royal Society of Chemistry 2021
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Fig. 5 The mixture of NK151 and NK175 (4:1), NKm, alleviated ELA-
induced dry eye in BALB/c mice. (A) Effects on tear secretion. Effects on
corneal fluorescein-staining (B) and lissamine green-staining scores (C).
Effects on the TNF-a (D), IL-1f (E), and IL-10 expression (F) and IL-10 to
TNF-a expression ratio (G), assessed by ELISA. Effects on the goblet cell
counts (H) and TNF-a expression (I) in the conjunctiva, assessed by
immunofluorescence assay. Effects on the blinking (J) and meibomian
gland dysfunction grade (K). NKm (LB, the NK151 and NK175 [4:1]
mixture, 5 x 10° CFU per mouse per day) was orally gavaged daily for 10
days from 25 h after the exposure to ELA (exorbital lacrimal gland exci-
sion and 1% atropine/0.1% benzalkonium chloride solution treatment).
Normal control mice (CON) and mice exposed to ELA (DE) were treated
with the vehicle instead of probiotics. Data values are described as mean
+ SD (n = 7). Means with the same letters are not significantly different
(p <0.05).

patients with Sjogren’s syndrome was significantly different
from that of healthy individuals.'® Furthermore, Sjégren’s syn-
drome exhibits reduced diversity in the gut microbiota.
However, the gut microbiota composition of patients with DED
is also different from those of patients with Sjogren’s syn-
drome and healthy individuals. Nevertheless, the gut micro-
biota composition and their byproducts such as endotoxins
and SCFAs directly correlated with DED have not been
sufficiently studied.

In the present study, we found that the reduction of tear
secretion by exposure to ELA caused the alteration of the gut
microbiota composition in mice: it reduced o-diversity and
shifted p-diversity. The results suggest that oral gavaged NK151
and/or NK175 may suppress ELA-induced gut microbiota
growth. Among the gut bacteria, ELA exposure increased
Actinobacteria, Verrucomicrobia, and Proteobacteria popu-
lations and decreased Firmicutes and Bacteroidetes popu-
lations. However, Moon et al. reported that the Bacteroidetes
population was higher in the feces of patients with Sjogren’s
syndrome than in those of healthy volunteers, while the
Bifidobacterium population was lower."> We also found that
Lactobacillaceae including Lactobacillaceae_uc, Lactobacillus
murinus and Lactobacillus reuteri and Ruminococcus sp. includ-
ing Ruminococcus_uc showed positive correlation with the tear
secretion amount, while Bacteroidaceae Desulfovibrionaceae,
and Muribaculaceae showed negative correlation. However,

This journal is © The Royal Society of Chemistry 2021
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NK151 and/or NK175 reduced ELA-induced Verrucomicrobia
and Actinobacteria populations. Furthermore, oral gavage of
NK151 and/or NK175 reduced the ELA-induced Bacteroidaceae,
Akkemansiaceae, and AC160630_f populations and increased
ELA-suppressed Lactobacillaceae and Muribaculaceae popu-
lations at the family level. Furthermore, they increased the ELA-
suppressed populations of the Lactobacillus murinus group,
Lactobacillus_uc, PAC001068_g uc, and the PAC001070_s group
at the species level. However, NK175, which is Bifidobacterium
bifidum, did not affect the Lactobacillaceae population. IRT-5, a
probiotic mixture, alleviates dry eye, suppresses conjunctival
IL-1p expression, and increases conjunctival IL-10 expression
and fecal Lactobacillus helveticus and Lactobacillus hamsteri
populations in antibiotic-treated NOD.B10.H2b mice.** Oral
administration of a Bifidobacterial mixture with fructooligosac-
charide (a symbiotic combination) alleviates dry eye syndrome
in patients with DED.>® These results suggest that dry eye can
cause ocular and conjunctival inflammation by altering the gut
microbiota composition and their byproducts and the prolifer-
ation of gut Bifidobacteria and Lactobacilli may alleviate tear
secretion. Although the exact mechanism needs to be further
elucidated, NK151 and/or NK175 can alleviate dry eye with
colitis by regulating the inflammatory response through the
modulation of the gut microbiota composition.

5. Conclusions

Exposure to ELA caused tear secretion reduction, ocular/con-
junctival inflammation, goblet cell loss, and gut microbiota
alteration in mice. Oral administration of NK151 and/or
NK175 alleviated ELA-induced dry eye with ocular/conjunctival
inflammation and goblet cell loss by modulating the
expression ratio of pro-inflammatory cytokines such as TNF-a
and anti-inflammatory cytokines such as IL-10 and gut micro-
biota composition.
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