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Rebamipide promotes lacrimal duct
epithelial cell survival via protecting
barrier function

Hiroshi Tanaka(®?*, Tomomichi Nakayama?, Michiko Tsukamoto?, Akihide Watanabe?,
Takahiro Nakamura?, Norihiko Yokoil, Chie Sotozono?! & Shigeru Kinoshita?

Nasolacrimal duct obstruction (NLDO) is thought to be due to inflammation and fibrosis of lacrimal duct
epithelial cells (LDECs). Here we investigated the effect of rebamipide, a drug that is used for the
protection of the mucosa and the treatment of gastritis and gastroduodenal ulcers, on LDECs, both in
vitro and in vivo. In this study, LDECs were cultured from rabbit lacrimal duct tissues, and the barrier
function of LEDCs was examined in vitro via transepithelial electrical resistance (TER) measurement, with
or without interleukin (IL)-6 and/or rebamipide. For the in vivo examination, benzalkonium chloride (BAC)
was injected into the rabbit lacrimal ducts, followed by the application of rebamipide or a placebo vehicle
alone. The results of the in vitro examination revealed a significant decrease in TER in the group treated
with IL-6 alone compared with the placebo-vehicle group (p < 0.05) and the group treated with IL-6 and
rebamipide (p < 0.01). The results of the in vivo examination revealed that the infiltration of neutrophils
under the basement membrane and the disruption of tight junction proteins with BAC injection and
rebamipide attenuates the disturbance of tissue construction. These results suggest that rebamipide
protects LDECs via an anti-inflammatory effect and preserves the barrier function of those cells.

It has been theorized that inflammation and age-related fibrosis of the lacrimal-duct epithelium are involved in
the pathology of idiopathic nasolacrimal duct obstruction (NLDO)'. The common symptoms of NLDO include
epiphora, discharges and dacryocystitis, an infection or inflammation of the lacrimal sac. Lacrimal stent intuba-
tion or dacryocystorhinostomy improves the symptoms, but these treatments are accompanied by surgical stress.

It has recently been reported that various tear cytokines, such as interleukin (IL)-2, IL-6, and IL-10, are
involved in the pathology of primary acquired nasolacrimal duct obstruction (PANDO)? and that IL-6 is also
involved in congenital NLDO (CNLDO)?. Thus, the suppression of the level of inflammatory cytokines in tears is
considered to be a key factor in the development of new methods for the treatment of NLDO.

Rebamipide, an oral drug that is used for the protection of the mucosa and the treatment of gastritis and
gastroduodenal ulcers, is currently marketed in Japan as an ophthalmic suspension (Mucosta®; Otsuka
Pharmaceutical Co., Ltd, Tokyo, Japan) for the treatment of dry eye. We previously reported that rebamipide
has an anti-inflammatory effect and enhances the barrier function of cultured human corneal epithelial cells
(CECs)*. In a previous study by Mimura et al., it was reported that the postoperative administration of rebami-
pide increases the rate of surgical success in patients who undergo lacrimal stent intubation for the treatment of
PANDO?. However, the exact mechanism for the anatomical success in that study was not revealed.

In this present study, we investigated the barrier function and protective effect of rebamipide on rabbit lacri-
mal duct epithelial cells (LDECs), both in vitro and in vivo.

Methods

Animals. The animals used in this study were male adult Japanese white rabbits (body-weight range:
3.5-3.99kg), and all animals were treated in accordance with the ARVO Statement for the Use of Animals in
Ophthalmic and Vision Research. All experimental procedures were approved by the Committee for Animal
Research at Kyoto Prefectural University of Medicine, Kyoto, Japan.
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In vitro examination. For the in vitro examination, rabbits were first sacrificed with an intravenous injection
of pentobarbital. Next, lacrimal tissue samples were obtained, and LDECs were collected from those samples via
the use of Dispase II (FUJIFILM Wako Pure Chemical Corporation, Osaka, Japan). First, the collected LDECs
were then cultured on 6-well dishes with keratinocyte serum free medium (Defined Keratinocyte-SFM; Thermo
Fisher Scientific, Inc., Waltham, MA), BEGM™ Bronchial Epithelial Cell Growth Medium (Lonza Group Ltd.,
Basel, Switzerland), and 8% fetal bovine serum (Thermo Fisher Scientific). The cells were then subcultured on
24-well Transwell Permeable Supports (Corning Inc., Corning, NY) until cell confluence was achieved. The tran-
sepithelial electrical resistance (TER) in the cells was then measured post confluence in 3 groups: Group A (0-ng/
ml IL-6, 0-mM rebamipide); Group B (0.5-ng/ml IL-6, 0-mM rebamipide); Group C (0.5-ng/ml IL-6, 2-mM
rebamipide) (n =4 each) at 0-, 24-, and 72-hours after stimulation.

Second, the LDECs were subcultured on 24-well dishes until cell confluence was achieved. The cells were
stimulated with 1% benzalkonium chloride (BAC) with 2-mM rebamipide or the vehicle for 72-hours and fixed
in 4% paraformaldehyde, and investigated with immunohistochemistry. As a control, the cells were incubated
with medium (n=2 each).

In vivo examination. We next investigated whether BAC affected the nasolacrimal duct epithelium in vivo,
and whether rebamipide might prevent the damage of epithelium with BAC treatment. For the in vivo examina-
tion, the rabbits were first placed under general anesthesia via the injection of a cocktail containing ketamine and
xylazine. Next, an LDEC damage model was created by injecting 250 ul of 1% BAC into the rabbit’s lacrimal duct
once daily for 3 consecutive days. After verification that the LEDC damage model was successfully created, 250 jul
of 2% rebamipide ophthalmic solution (Mucosta® ophthalmic suspension UD2%) or the vehicle of rebamipide
was injected (n =3 each) simultaneously with the injection of 1% BAC. As a control, phosphate buffered saline
(PBS) was injected into the lacrimal duct of 3 rabbits.

Next, lacrimal duct tissue was obtained and embedded in optimal cutting temperature compound
(Tissue-Tek® O.C.T.; Sakura® Finetek Japan Co., Ltd., Tokyo, Japan). The tissue was then cut into 7-um sections,
fixed in 4% paraformaldehyde, and investigated with histological examination and immunohistochemistry (n =3
each). The thickness of the LDECs was then measured via the results of the histological examinations by another
investigator, and the measurements were compared between the 3 groups.

Immunohistochemistry examination. Immunohistochemistry staining was performed with mouse anti-
bodies to zonula occludens (ZO) protein ZO-1, claudin (CLDN)1, and CLDN?7 (1:100; Invitrogen) overnight at
4°C. Next, the sections were incubated with a secondary antibody (Alexa Fluor 488 goat anti-mouse IgG; 1:1000;
Invitrogen) for 1 hour at room temperature, and then mounted with Vectashield® Antifade Mounting Medium
(Vector Laboratories, Burlingame, CA) containing 4’,6 diamidino-2-phenylindole.

Analysis via scanning electron microscopy (SEM). For SEM analysis, the obtained tissue samples that
were first fixed in 0.1 mol phosphate buffered 2% glutaraldehyde, then subsequently post-fixed in 2% osmium
tetroxide for 2 hours in an ice bath. The specimens were then dehydrated in a graded ethanol and dried by frozen
t-butyl alcohol in a vacuum. The freeze-dried specimens then underwent SEM examination (JEM-7500F; JEOL
Ltd., Tokyo, Japan) after being coated with an osmium plasma ion coater device.

Statistical analysis. Statistical analysis of the data was performed and basic descriptive statistics were cal-
culated on all of the gathered data, with the values reported as mean =+ SD. Results were compared among three
groups by Bonferroni correction. A p value of <0.05 was considered statistically significant.

Results

Effect of rebamipide on the barrier function of LDECs in vitro. We first investigated the effect of
rebamipide on the barrier function of rabbit LDECs that were successfully cultured in vitro (Fig. 1a). The cells
were incubated with or without 0.5-ng/ml IL-6 and 2-mM rebamipide, i.e., Group A: 0-ng/ml IL-6, 0-mM
rebamipide, Group B: 0.5-ng/ml IL-6, 0-mM rebamipide, and Group C: 0.5-ng/ml IL-6, 2-mM rebamipide, and
TER was then measured at 0-, 24-, and 72-hours post stimulation. At 0-, 24-, and 72-hours post stimulation, TER
was 190.9+21.5,186.3+6.1,and 178.1 +12.1 Q/cm?, respectively, in Group A, 190.6 £12.1, 192.0 £+ 14.7, and
149.9 + 8.3 O/cm?, respectively, in Group B and 186.4 +4.3, 184.8 £ 4.0, and 184.8 + 8.1 Q/cm?, respectively,
in Group C (Fig. 1b). At 0- and 24-hours post stimulation, no significant difference was observed among the 3
groups. At 72-hours post stimulation, in Group B, which was treated with IL-6, showed significant decrease in
TER compared to Group A (p < 0.05) and Group C (p < 0.01).

Effect of rebamipide on damaged LDECs in vivo. We next investigated the effect of rebamipide on 1%
BAC-damaged LDECs in vivo (Fig. 2). We found that the LDECs were disrupted and the neutrophils were accu-
mulated under the connective tissue in the group injected with 1% BAC and the vehicle of rebamipide (Fig. 2b).
However, those inflammation-associated tissue disorders were not observed in the group injected with 1% BAC
and rebamipide (Fig. 2c). The thickness of the LDECs in the control group, the 1% BAC and the vehicle of rebami-
pide injected group, and the rebamipide injected group was 76.5+ 8.1 pm, 8.41 +0.53 pm, and 63.3 =4.4 pm,
respectively (p < 0.05) (Fig. 2d).

Immunohistological examination findings confirmed the expression of tight junction proteins ZO-1, CLDN1,
and CLDN7 between the epithelial cells in the control group and in the 1% BAC and rebamipide injected group,
yet disruption in the 1% BAC and vehicle of rebamipide injected group (Fig. 3).

Analysis of the SEM images revealed healthy microvilli on the surface of the LDECs in the group injected
with 1% BAC and rebamipide, similar to the findings observed in the control group. On the other hand, healthy
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Figure 1. Cultivation of rabbit lacrimal duct epithelial cells (LDECs) and effects of rebamipide and
inflammatory cytokine in the barrier function of these cells. (a) Phase contrast image of cultivated rabbit LDECs
in vitro. Scale bar = 100 um. (b) Rabbit LDECs were incubated with or without rebamipide; Group A (0-ng/

ml IL-6, 0-mM rebamipide) (open square), Group B (0.5-ng/ml IL-6, 0-mM rebamipide) (closed triangle) and
Group C (0.5-ng/ml IL-6, 2-mM rebamipide) (closed circle) for 0-, 24-, or 72-hours, after which transepithelial
electrical resistance (TER) was measured (n=4 each). Data are means & SEM of representative of a total of four
experiments (*p < 0.05, **p < 0.01) (Bonferroni correction).
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Figure 2. Histological images illustrating the thickness of the rabbit lacrimal duct (n = 3 each). Histological
image of a rabbit lacrimal duct in the control group (a). LDECs in the 1% benzalkonium chloride (BAC) and the
vehicle of rebamipide injected group were significantly disrupted and shortened (b) compared to the 1% BAC
and rebamipide injected group (c). The length of LDECs was 76.5 & 8.1 um in the control group, 8.41 & 0.53 ym
in the 1% BAC and vehicle injected group, and 63.3 +=4.4 um in the 1% BAC and rebamipide injected group (d)
(*p < 0.05, Bonferroni correction). All tissues were stained with hematoxylin and eosin. Black arrows indicate
basement membrane and white arrows indicate neutophils. Scale bar = 50 um.
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Figure 3. Tight junction protein expression of rabbit LDECs in vivo (n =3 each). Tight junction proteins,
including zonula occludens (ZO)-1, claudin (CLDN)1, and CLDN? in rabbit LDECs were disrupted in the
1% BAC and the vehicle of rebamipide injected group (middle) and preserved in the 1% BAC and rebamipide
injected group (right) as well as in the control group (left). White arrows indicate basement membrane. Scale
bar =50 um.
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Figure 4. Analysis of the SEM images on the surface of the LDECs in vivo (n=1 each). In scanning electron
microscopy examination, LDECs were lined disrupted and microvilli of cells were shortened in the 1% BAC
and the vehicle of rebamipide injected group to compare the control group (upper row x 1,000 and lower

row x 10,000). The surface of LDECs was smooth and microvilli of cells were lined orderly in the 1% BAC and
rebamipide injected group. Scale bars =10 um and 1 um.
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microvilli were not observed accompanied with a disruption of the LDEC:s in the group injected with 1% BAC
and the vehicle of rebamipide (Fig. 4).

Discussion

In this study, we successfully cultivated LDECs in vitro and established a rabbit lacrimal-duct-damage model
with BAC in vivo. Our findings revealed that rebamipide attenuates the IL-6-induced decrease of barrier
function between rabbit LDECs in vitro, and that it has protective effects on rabbit LDECs in a BAC-induced
lacrimal-duct-damage model that disrupts the tight junctions between the cells in vivo. These results suggest
that rebamipide suppresses the inflammatory-induced barrier function damage and helps to maintain the LDEC
structure, thus protecting against tissue disruption.

Although numerous clinical research and anatomy-related studies focusing on lacrimal ducts have previously
been performed, there have been few published basic-research reports on the related cell biology. In this present
study, we were able to successfully cultivate LDECs until confluence, and subculture the LDECs using the method
previously described by Xie et al.’.

Inflammation is thought to be a pathology of NLDO, and it has been reported that several inflammatory
cytokines, such as IL-2, IL-6, IL-10, vascular endothelial growth factor, and fibroblast growth factor 2, are
increased in the tear fluid of patients with PANDO?, and that IL-6, specifically, is increased in the tear fluid of
patients with CNLDO?. As the findings in several previous reports have suggested that IL-6 attenuates the barrier
function between cells”®, our results revealed that IL-6 induced barrier dysfunction of cultured LDECs. In this
present study, our findings suggest that the anti-inflammatory effect of rebamipide can maintain intercellular bar-
rier function by suppressing IL-6 inflammation. Based on these results, anti-inflammatory drugs might possibly
be one key element in the treatment of lacrimal-duct disease.

Several studies on the anatomy of lacrimal ducts in various animals have been reported, and the findings in
those studies have shown that rabbit lacrimal ducts are suitable for creating models to clarify disease pathology,
as the anatomy of those ducts is similar to human lacrimal ducts®’. Via the injection of BAC, we were able to
successfully create a rabbit lacrimal duct damage model. Histological examination revealed obvious disruption
of LDECs with the injection of 1% or more BAC. Thus, 1% was selected as the appropriate percentage of BAC to
create the lacrimal duct damage model (Supplemental Fig. 2). BAC is frequently used as an ophthalmic preserva-
tive, and it is also known to cause ocular tissue damage!®'!. In fact, the long-term use of anti-glaucoma eye drops,
specifically, is known to cause inflammation and fibrosis-related changes in conjunctiva'?, and is also known to
be a risk factor for the development of NLDO'. Those changes may be related to the preservatives in the com-
mercial preparations, and/or the medications themselves'*. Hence, in this study, we chose to use a rabbit lacrimal
duct damage model treated with BAC, and the infiltration of neutrophils was observed in addition to epithelial
disorder in this model, thus indicating that BAC injection resulted in acute inflammation in the lacrimal duct.
Moreover, our findings revealed that rebamipide also antagonizes the BAC-induced shedding of LDECs with
anti-inflammatory actions.

It has been reported that rebamipide was first developed as a gastroprotective drug due to its ability to increase
gastric mucus production'>'¢ and suppress gastric mucosal inflammation'”'. In Japan, it has also been used as
an ophthalmic suspension for the treatment of dry eye. Previous studies have reported that rebamipide has an
anti-inflammation effect on CECs*, corneal fibroblasts'®, and conjunctival epithelial cells (CGECs)®. It has also
been reported that rebamipide helps to maintain the microvilli of CECs and CjECs against N-acetylcysteine?' and
the barrier function between CECs*.

Moreover, it has been reported that human LDECs are faced with microvilli*?, the same as in rabbit LDECs. In
this present study, we found that rebamipide also helps to maintain the microvilli of LDECs. In regard to lacrimal
duct disease, it has been reported that rebamipide clinically improved postoperative results after tube intuba-
tion for PANDO?, however, the specific underlying mechanisms for that improvement are still unknown. In this
present study, our findings showed that rebamipide improves the disruption of barrier function of LDECs, thus
suggesting that its use post-surgery might improve surgical outcomes.

In summary, the findings in this study show that rebamipide has a protective effect against inflammatory
cytokines that helps to recover the barrier function of LDECs in vitro, and that pre-administered rebamipide
suppressed BAC-induced cell damage in vivo. Although rebamipide already has a long and well-recognized his-
tory of being applied for the treatment of corneal and gastro-intestinal diseases, maybe it can possibility now be
repositioned as an effective drug for the protection of LDEC:s as well.

Received: 25 June 2019; Accepted: 9 January 2020;
Published online: 03 February 2020

References

1. Linberg, J. V. & McCormick, S. A. Primary acquired nasolacrimal duct obstruction: A clinicopathologic report and biopsy technique.
Ophthalmology 93, 1055-1063 (1986).

2. Lee, J. K. & Kim, T. H. Changes in cytokines in tears after endoscopic endonasal dacryocystorhinostomy for primary acquired
nasolacrimal duct obstruction. Eye (Lond). 28, 600-607 (2014).

3. Matsumura, N. et al. Cytokine profiles of tear fluid from patients with pediatric lacrimal duct obstruction. Invest. Ophthalmol. Vis.
Sci. 58, 252-256 (2017).

4. Tanaka, H. et al. Rebamipide increases barrier function and attenuates TNFa-induced barrier disruption and cytokine expression
in human corneal epithelial cells. Br. J. Ophthalmol. 97, 912-916 (2013).

5. Mimura, M. et al. Effect of rebamipide ophthalmic suspension on the success of lacrimal stent intubation. Graefe’s Arch. Clin. Exp.
Ophthalmol. 254, 385-389 (2015).

6. Xie, C., Li, X. & Cui, H. Potential candidate cells for constructing tissue-engineered lacrimal duct epithelium: a histological and
cytological study in rabbits. J. Zhejiang Univ. Sci. B. 16, 904-913 (2015).

SCIENTIFIC REPORTS |

(2020) 10:1641 | https://doi.org/10.1038/s41598-020-58314-x


https://doi.org/10.1038/s41598-020-58314-x

www.nature.com/scientificreports/

7. Yang, R. et al. IL-6 is essential for development of gut barrier dysfunction after hemorrhagic shock and resuscitation in mice. Am. J.
Physiol. Liver Physiol. 285, G621-G629 (2003).
. Capaldo, C. T. & Nusrat, A. Cytokine regulation of tight junctions. Biochim. Biophys. Acta. 1788, 864-871 (2009).
9. Rehorek, S. J. et al. Development of the lacrimal apparatus in the rabbit (Oryctolagus cuniculus) and its potential role as an animal

model for humans. Anat. Res. Int. 2011, 623186 (2011).

10. Lemp, M. A. & Zimmerman, L. E. Toxic endothelial degeneration in ocular surface disease treated with topical medications
containing benzalkonium chloride. Am. J. Ophthalmol. 105, 670-673 (1988).

11. Chen, W. et al. Corneal alternations induced by topical application of benzalkonium chloride in rabbit. PLoS One. 6, €26103 (2011).

12. Sherwood, M. B. et al. Long-term morphologic effects of antiglaucoma drugs on the conjunctiva and Tenon’s capsule in
glaucomatous patients. Ophthalmology. 96, 327-335 (1989).

13. Kashkouli, M. B. et al. Topical antiglaucoma medications and lacrimal drainage system obstruction. Ophthalmic Plast. Reconstr. Surg.
24, 172-175 (2008).

14. Nemet, A. Y. & Vinker, S. Associated morbidity of nasolacrimal duct obstruction - A large community based case-control study.
Graefe’s Arch. Clin. Exp. Ophthalmol. 252, 125-130 (2014).

15. lijima, K. et al. Rebamipide, a cytoprotective drug, increases gastric mucus secretion in human: Evaluations with endoscopic gastrin
test. Dig. Dis. Sci. 54, 1500-1507 (2009).

16. Ishihara, K. et al. Effect of rebamipide on mucus secretion by endogenous prostaglandin-independent mechanism in rat gastric
mucosa. Arzneimittelforschung. 42, 1462-1466 (1992).

17. Murakami, K. et al. Rebamipide attenuates indomethacin-induced gastric mucosal lesion formation by inhibiting activation of
leukocytes in rats. Dig. Dis. Sci. 42, 319-325 (1997).

18. Yoshida, N. et al. Rebamipide protects against activation of neutrophils by Helicobacter pylori. Dig. Dis. Sci. 41, 1139-1144 (1996).

19. Fukuda, K. et al. Inhibition by rebamipide of cytokine-induced or lipopolysaccharide-induced chemokine synthesis in human
corneal fibroblasts. Br. J. Ophthalmol. 98, 1751-1755 (2014).

20. Ueta, M. et al. Rebamipide suppresses polyi:c-stimulated cytokine production in human conjunctival epithelial cells. J. Ocul.
Pharmacol. Ther. 29, 688-693 (2013).

21. Takeji, Y. et al. Effect of rebamipide ophthalmic suspension on capsaicin-induced corneal epithelial damage in rats. Atarashii Ganka.
30, 1309-1313 (2013).

22. Paulsen, E et al. Functional anatomy of human lacrimal duct epithelium. Anat. Embryol. (Berl). 198, 1-12 (1998).

el

Author contributions

Contributions were as follows: H.T., T.N. and S.K.: conception and design; H.T., T.N. and M.T.: collection and
assembly of data; H.T., T.N., M.T., A.W,, T.N,, N.Y,, C.S. and S.K.: data analysis and interpretation; H.T., T.N. and
S.K.: writing manuscript text and preparing figures. All authors reviewed the manuscript.

Competing interests

H.T., T.N., AW, T.N. and S.K. received research support from Otsuka Pharmaceutical Co., Ltd. A.W. and
S.K. received speakers” honoraria from Otsuka Pharmaceutical Co., Ltd. S.K served as a consultant to Otsuka
Pharmaceutical Co., Ltd.

Additional information
Supplementary information is available for this paper at https://doi.org/10.1038/s41598-020-58314-x.

Correspondence and requests for materials should be addressed to H.T.
Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2020

SCIENTIFIC REPORTS |

(2020) 10:1641 | https://doi.org/10.1038/s41598-020-58314-x


https://doi.org/10.1038/s41598-020-58314-x
https://doi.org/10.1038/s41598-020-58314-x
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Rebamipide promotes lacrimal duct epithelial cell survival via protecting barrier function

	Methods

	Animals. 
	In vitro examination. 
	In vivo examination. 
	Immunohistochemistry examination. 
	Analysis via scanning electron microscopy (SEM). 
	Statistical analysis. 

	Results

	Effect of rebamipide on the barrier function of LDECs in vitro. 
	Effect of rebamipide on damaged LDECs in vivo. 

	Discussion

	Figure 1 Cultivation of rabbit lacrimal duct epithelial cells (LDECs) and effects of rebamipide and inflammatory cytokine in the barrier function of these cells.
	Figure 2 Histological images illustrating the thickness of the rabbit lacrimal duct (n = 3 each).
	Figure 3 Tight junction protein expression of rabbit LDECs in vivo (n = 3 each).
	Figure 4 Analysis of the SEM images on the surface of the LDECs in vivo (n = 1 each).




