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Purpose: To compare the treatment effects and tolerability of a topical application of
mizoribine (MZR) and cyclosporine A (CsA) eye drops (Restasis; Allergan, Inc., Irvine, CA,
USA) in a mouse dry eye model.

Methods: C57BL/6 mice subjected to desiccating stress (DS) were treated with 0.05%
MZR in phosphate-buffered saline (PBS) or Restasis eye drops four times a day for 5 days.
Untreatedmice served as control. Tear secretion,Oregongreendextran staining, and the
conjunctival goblet cell quantity were evaluated. The apoptosis andmatrix metallopro-
teinase9 (MMP-9) in theocular surface, conjunctival CD4, andThelper–related cytokines
were verified. The ocular tolerance of these two drugs was evaluated by observing the
mice’s behavioral changes.

Results: Topical administrations of MZR or Restasis both increased tear production,
maintained goblet cell density, and improved corneal barrier function. Both MZR and
Restasis suppressed the expression of MMP-9 and apoptosis in the ocular surface.
Meanwhile, both MZR and Restasis decreased the infiltration of CD4+ T cells, reversed
the production of interferon-γ , interleukin (IL)–17A, and IL-13 in conjunctiva under
DS. The abovementioned efficacies between these two eye drops were not statistically
significant. However, the number of scratching andwipingbehaviors in theMZR-treated
group was significantly less than in the Restasis-treated group.

Conclusions: MZR (0.05% in PBS) could be a good competitive product for Restasis
because of the comparable treatment effect in dry eye diseases and better ocular toler-
ability in ocular itch and pain.

Translational Relevance: This study provided an immunosuppressive agent compara-
ble to Restasis for the treatment of dry eye disease.

Introduction

Dry eye disease (DED) is an inflammatory disease
that can induce innate and adaptive immune responses
and activation of cytokines produced by recruited
CD4+ T cells, which are key contributors to the patho-
physiology of chronic dry eye, including Th1 and
Th17 cells.1 Anti-inflammatory treatment is essential to
improve the therapeutic effects of DED.

Many anti-inflammatory agents are used currently
in DED treatment, including nonsteroidal anti-
inflammatory drugs, topical corticosteroids, and
immunomodulatory agents. Cyclosporine A (CsA)
is an anti-inflammatory immunomodulatory drug
that was approved by the US Food and Drug
Administration (FDA) in 2003 for the treatment
of DED. The treatment with 0.05% CsA can signif-
icantly decrease punctate corneal epithelial fluores-
cein staining,2 increase goblet cell density,3,4 reduce
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conjunctival epithelial apoptosis,4 and suppress ocular
surface inflammation.5 However, CsA is a hydropho-
bic molecule, which is difficult to formulate into
conventional topical ophthalmic delivery systems. To
overcome these obstacles due to the vehicles used,
researchers have made great efforts in the past few
years to develop safer and more effective ocular deliv-
ery systems for CsA, including vegetable oils, hydrogel,
collagen shields, and colloidal carriers (liposomes,
nanoparticles, emulsions).6,7 Restasis (Allergan, Inc.,
Irvine, CA), themain active ingredient is CsA, is widely
used by the ophthalmologist. It is an anionic oil-in-
water nanoemulsion with antiseptic effect, containing
castor oil dissolved in polysorbate 80 as emulsifier.6
Despite this, patients’ complaints are often heard
during Restasis clinical use, including burning, pain,
itching, and redness, which turned out to be from the
side effects of delivery systems.6,8–10 Until now, no
perfect solution has been found to solve simultane-
ously the solubility and tolerability of CsA. Therefore,
we shift the research direction to the development of
water-soluble immunosuppressants, which can solve
the dilemma encountered byCsA and other liposoluble
eye drops.

Mizoribine (MZR) is widely used as a primary
immunosuppressive agent in human renal transplan-
tation for oral administration. MZR, an imidazole
nucleoside, is a water-soluble hydrophilic compound
with very low lipophilicity (log P is −2.87).11 It
can be prepared easily in aqueous formulations for
ophthalmic use. Our previous study has shown that
topical application of MZR eye drops in phosphate-
buffered saline (PBS) significantly increased tear
production, decreased goblet cell loss, reduced
conjunctival CD4+ T-cell infiltration, suppressed
apoptosis of ocular surface cells, and improved corneal
barrier function in the mouse dry eye model.12

Since both CsA and MZR are immunomodulatory
drugs that have therapeutic efficacy in the treatment of
dry eye, this study aimed to further compare the thera-
peutic effects and ocular tolerability of Restasis and
MZR eye drops in PBS using the experimental mouse
model of dry eye and evaluated the value of further
development of MZR eye drops.

Materials and Methods

Animal Model of Dry Eye

This research program was approved by the exper-
imental animal ethics committee of Xiamen Univer-
sity. Ten to 12-week-old female C57BL/6 (B6) mice
(Shanghai SLAC Laboratory Animal Center, Shang-

hai, China) were used according to the Association
for Research in Vision and Ophthalmology State-
ment for the Use of Animals in Ophthalmic and
Vision Research. Desiccating stress (DS) was induced
by subcutaneous injection of scopolamine hydrobro-
mide (cat. MB5860; meilubio, Dalian, China) and
dry environment. Scopolamine hydrobromide (0.5
mg/0.2 mL) was injected four times daily (8 AM, 11
AM, 2 PM, and 5 PM), and the mouse was kept in
environments with an air draft where air humidity was
30% ± 5% for 5 days. The sex- and age-matched mice,
which served as nonstressed (NS) controls, were kept
in a normal environment (50%–75% relative humidity,
not exposed to forced air) without scopolamine hydro-
bromide injection.

Topical Eye Drops Application

To compare the therapeutic effect of MZReye drops
and CsA eye drops on ocular surface damage of dry
eye, we choose Restasis as a positive control because
of its high market share and recognition. According to
our previous study, 0.05% MZR in PBS has the best
therapeutic effect,12 so the final plan was to compare
the therapeutic effect of 0.05%MZR in PBS and 0.05%
CsA in nanoemulsion (Restasis). Then, 5 μL of eye
drops was administered four times daily followed by
manual blinking two to three times for 5 days under
DS.

Ocular Irritation Study

We judge ocular irritation by the behavior of mice.
According to the findings of Shimada and LaMotte,13
scratching of the hindlimbs is used as an index of
itching, and wiping of the forelimbs is an indicator of
pain. The number of scratching or wiping 5 minutes
after PBS, MZR, or Restasis eye drops was recorded
by video recording to quantify the irritation behavior.
This experiment was performed three times by three
independent laboratory technicians, and the average
value was the mean ± SD.

Conjunctival Hyperemia Observation

To evaluate the irritation of the drug, a slit-
lamp microscope was used to observe the conges-
tion of bulbar conjunctival vessels after PBS, MZR,
or Restasis administration. Without anesthesia, the
superior conjunctiva of mice was photographed within
3 minutes after eye dropping. All slit-lamp photos were
magnified 60 times.
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Measurement of Tear Production

At the same time point (8 AM), the tear produc-
tion was measured without topical anesthesia using
phenol red cotton threads (Zone-Quick; Yokota,
Tokyo, Japan). The thread was put under the lower
conjunctival fornix for 15 seconds. The threads became
red when soaked in tears. The amount of tear produc-
tion was assessed by measuring the length of the wet
red thread under the microscope in millimeters.

Oregon Green Dextran Staining

Oregon green dextran (OGD; cat. D7173; 70,000
molecular weight (MW), anionic, lysine fixable; Invit-
rogen, Eugene, OR, USA) staining was used to evalu-
ate the corneal epithelium integrity.12 Briefly, after the
mice were sacrificed, 0.5 μL 50 mg/mL OGD was
instilled into the conjunctival sac. After three times
of manual blinks, the OGD stayed in the conjuncti-
val sac for 1 minute, and then the cornea was rinsed
with 5 mL saline and photographed (AZ100; Nikon,
Tokyo, Japan) under fluorescence excitation at 470 nm.
The fluorescence intensity within the 3-mmdiameter of
the central cornea was calculated using NIS Elements
software (version 4.1; Nikon, Melville, NY, USA).

Measurement of Goblet Cells

The eyes and adnexa of mice were removed, fixed
in 4% formaldehyde, dehydrated in gradient concen-
trations of ethanol, and infiltrated with paraffin (cat.
P3683; Sigma-Aldrich, St. Louis, MO, USA). Periodic
acid–Schiff (PAS) staining was performed using a
commercially available kit (cat. 395B-1KT; Sigma-
Aldrich). Each group contained five specimens, and
the left eye was examined uniformly. Each sample was
observed at three sections, which were at least 300
μm apart. All stained photos were taken with an HD
digital camera (Eclipse E400 with a DS-Fi1; Nikon).
NIS Elements software was used to count the number
of goblet cells, including the upper and lower conjunc-
tiva, and expressed as the number of goblet cells per
millimeter.

Immunofluorescent Staining

The eyes and adnexa of mice were excised and
embedded in cryopreservationmedium optimal cutting
temperature compound (cat. 4583; SAKURA Tissue-
Tek, Torrance, CA, USA) and saved at –80°C. Frozen
sections were used to detect the expression of matrix
metalloproteinase 9 (MMP-9) in the central corneal
epithelium and the expression of activated caspase-

8 in the central conjunctiva by immunofluorescence.
The tissue sections were fixed in acetone at –20°C for
10 minutes and then blocked with 2% bovine serum
albumin for 60 minutes at room temperature. There-
after, samples were incubated at 4°C overnight with the
primary antibodies: anti–MMP-9 (1:500; cat. ab38898;
Abcam, Cambridge, MA, USA) and anti–AC caspase-
8 (1 μg/mL; cat. ab25901; Abcam). After rinsing in
PBS, samples were incubated with Alexa-Fluor 594
anti-goat IgG (1:300; cat. A11055; Invitrogen, Eugene,
OR, USA) or anti-rabbit IgG (1:300; cat. A21206;
Invitrogen) at room temperature in the dark for 1 hour,
followed by counterstaining with DAPI (cat. H-1200;
Vector, Burlingame, CA, USA) for 5 minutes. A Leica
microscope (DM2500; Leica Microsystems, Wetzlar,
Germany) was used to take representative images.

Immunohistochemistry

Acetone-fixed cryostat sections were stained
with rabbit anti-mouse CD4 (1:50; cat. 553647; BD
Pharmingen, San Diego, CA, USA) primary antibody
and appropriate biotinylated secondary antibodies
(1:25; cat. 559286; BD Pharmingen). Avidin-biotin
peroxidase method (Vectastain Elite ABC kit; cat. PK-
6100; Vector) was performed according to the instruc-
tions. Representative pictures were photographed with
a digital microscope camera (Eclipse E400 with a DS-
Fi1; Nikon). From the limbal to the tarsal conjunctiva
and the depth of 75 μm below the basementmembrane,
the positive cells were counted. Data are reported as
the average number of cells per millimeter.14

TdT-dUTP Terminal Nick-End Labeling Assay

Paraffin sections were used for TdT-dUTP termi-
nal nick-end labeling (TUNEL) staining. TUNEL
assay was performed using a commercialized test
kit (DeadEnd Fluorometric TUNEL System; cat.
G3250; Promega, Madison, WI, USA). Representa-
tive images were captured with an HD Leica micro-
scope (DM2500; LeicaMicrosystems). The results were
expressed as the number of positively stained cells.

Total RNA Extraction, Reverse Transcription,
and Quantitative Real-Time Polymerase
Chain Reaction

Total RNA was isolated from the corneal epithe-
lium and conjunctiva using a commercially available
PicoPure RNA isolation kit (cat. KIT0204; Arcturus,
San Diego, CA, USA) according to the instruc-
tions. Complementary DNA was synthesized using
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Table. Primers Used in This Study

Gene Sense Primer Antisense Primer

MMP-9 CAATCCTTGCAATGTGGATG AGTAAGGAAGGGGCCCTGTA
IL-13 GCAGCATGGTATGGAGTGT TATCCTCTGGGTCCTGTAGATG
IL-17A CGCAATGAAGACCCTGATAGAT CTCTTGCTGGATGAGAACAGAA
IFN-γ AAATCCTGCAGAGCCAGATTAT GCTGTTGCTGAAGAAGGTAGTA
β-actin CCTAAGGCCAACCGTGAAAAG AGGCATACAGGGACAGCACAG

a reverse transcription kit (cat. RR047A; TaKaRa,
Shiga, Japan). Real-time polymerase chain reaction
(PCR) was performed on a StepOne Real-Time PCR
System (Applied Biosystems, Alameda, CA, USA),
and the parameters were set as previously reported.12
The primers are provided in the Table.

Enzyme-Linked Immunosorbent Assay

The conjunctiva was collected in cold RIPA buffer
(cat. R0278; Sigma-Aldrich) containing a protease
inhibitor cocktail (cat. 78440; Thermo Fisher Scien-
tific, Waltham, MA, USA), lysed on ice for 15 minutes,
and subjected to total protein assay kit (cat. 23225;
Thermo Fisher Scientific). The concentrations of inter-
leukin (IL)–17A (cat. BMS6001; eBioscience, San
Diego, CA, USA), IL-13 (cat. BMS6015; eBioscience),
and interferon-γ (IFN-γ ) (cat. BMS606; eBioscience)
were determined by enzyme-linked immunosorbent
assay (ELISA) kit according to the manufacturer’s
instructions.

Western Blotting

Total protein concentrations of conjunctival epithe-
lia were determined with a protein assay kit described
above. The equivalent protein (30 μg) was separated
by electrophoresis on a 12% sodium lauryl sulfate–
polyacrylamide gel electrophoresis gel, transferred to
a polyvinylidene fluoride membrane (cat. IPVH00010;
Millipore, Billerica, MA, USA), and probed with
the following specific antibodies: anti–caspase-8 (cat.
ab25901; Abcam) and β-actin (1:10,000; Sigma-
Aldrich). Chemiluminescence assays (cat. ECL-500;
ECL, Lulong, Xiamen, China) were used for the detec-
tion of proteins. QuantitativeWestern blot analysis was
calculated by the transilluminator (Image Lab software
6.0; Bio-Rad, Philadelphia, PA, USA).

Statistical Analysis

Data were represented as mean ± SD for each
group. Based on the normality of the data distribu-

tion, comparison among groups was evaluated by one-
way analysis of variance with Tukey’s post hoc test.
GraphPad Prism 8.0 software (GraphPad Software,
San Diego, CA, USA) was used for data analysis. P <

0.05 was considered statistically significant.

Results

MZR (0.05% in PBS) and Restasis Had
Comparable Effects in Improving Tear
Secretion

We first measured the tear production of mice using
the phenol red thread test. It was demonstrated that
the tear production was decreased in the DS group
compared with the NS group (4.2 ± 1.5 mm vs. 1.0 ±
0.7mm;P< 0.001). Topical application of 0.05%MZR
significantly improved tear secretion in mice under DS
conditions (1.0 ± 0.7 mm vs. 1.6 ± 0.7 mm; P <

0.05). Topical application of Restasis also improved
tear secretion, but there was no statistical difference
between theRestasis group and theDS group (1.0± 0.7
mm vs. 1.3 ± 0.6 mm; P = 0.6786). In addition, there
was no statistical difference of aqueous tear produc-
tion between 0.05%MZR- and Restasis-treated groups
(Fig. 1A), n = 5 for each group.

MZR (0.05% in PBS) and Restasis Had Similar
Effects in Rescuing Conjunctival Goblet Cell
Loss

The quantity of the conjunctival goblet cells was
counted with PAS staining. Compared to the NS
group, the DS group induced significant decreases of
conjunctival goblet cells (NS versus DS, 74 ± 13 vs. 52
± 10/mm; P < 0.001). Both 0.05% MZR and Resta-
sis eye drops significantly increased the number of
conjunctival goblet cells under the DS condition (DS
versus DS + MZR, 52 ± 10 vs. 64 ± 11/mm, P < 0.05;
DS versus DS + Restasis, 52 ± 10 vs. 66 ± 11/mm, P
< 0.01). However, there was no significant difference
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Figure 1. The effects of topical application of 0.05% MZR in PBS and Restasis on tear production and goblet cell loss of mice under DS.
(A) Tear production was measured by the phenol red thread test. (B) Statistical analysis of the number of goblet cells per millimeter. (C)
Representative images of PAS staining in the conjunctiva (scale bar: 200 μm). *P< 0.05, **P< 0.01, ***P< 0.001. Data are shown as mean±
SD (n = 5 for each group).

between the 0.05% MZR-treated mice and Restasis-
treated mice. (Figs. 1B, 1C), n = 5 for each group.

MZR (0.05% in PBS) and Restasis Had
Comparable Effects in Recovering the
Corneal Barrier Integrity

Corneal epithelial permeability to the high molecu-
lar weight fluorescent molecule OGD was assessed in
all groups. As shown in Figures 2A, 2B, the corneal
uptake of OGD was significantly higher in the DS
group (3.96 ± 0.50) than in the NS group (1.36 ± 0.44,
P < 0.01), with wider areas of punctate and intense
confluent dye staining. It was revealed that both 0.05%
MZR and Restasis eye drop treatment had a protec-
tive effect on the corneal barrier integrity under the DS
condition (DS versus DS + MZR, 3.96 ± 0.50 vs. 2.06
± 1.06; DS versus DS+Restasis, 3.96± 0.50 vs. 1.74±
1.02, both P < 0.01). OGD uptake in eyes treated with
these two agents was not statistically different, n= 5 for
each group.

It is previously reported15 that MMP-9 is the key
factor in corneal barrier disruption in DS-induced
DED. As shown in Figure 2C, it was demonstrated
that the gene expressions of MMP-9 were significantly
increased in the DS group compared to the NS group
(NS versus DS, 0.91 ± 0.27 vs. 2.03 ± 0.60, P < 0.01).
Meanwhile, both 0.05%MZR and Restasis treatments

significantly downregulatedMMP-9 gene expression in
corneal epithelium under the DS condition (DS versus
DS + MZR, 2.03 ± 0.60 vs. 1.01 ± 0.17, P < 0.01; DS
versus DS + Restasis, 2.03 ± 0.60 vs. 0.62 ± 0.21, P
< 0.001). No significant difference was noted between
MZR- and Restasis-treated groups. At the protein level
of MMP-9, similar results were discovered (Fig. 2D), n
= 5 for each group.

MZR (0.05% in PBS) and Restasis Had Similar
Effects in Suppressing CD4+ T-Cell-Mediated
Inflammation

Dry eye is an inflammatory ocular surface disease
characterized by infiltration of CD4+ T cells produc-
ing IFN-γ and IL-17A in the ocular surface. We then
detected CD4+ T cells as well as the related inflamma-
tory factors: IFN-γ , IL-13, and IL-17A in the conjunc-
tiva of mice. It was shown that both 0.05% MZR and
Restasis treatment suppressed DS-induced CD4+ T-
cell infiltration in the conjunctiva (Figs. 3A, 3B; DS
versus DS + MZR, 15.18 ± 2.76 vs. 9.79 ± 4.35/mm, P
< 0.05; DS versus DS + Restasis, 15.18 ± 2.76 vs. 7.99
± 3.65/mm, P < 0.01). However, there was no signif-
icant difference between the 0.05% MZR group and
theRestasis group. It was demonstrated by quantitative
reverse transcription PCR and ELISA assay that both
0.05%MZR andRestasis treatment decreased the gene
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Figure 2. The effects of topical application of 0.05% MZR in PBS and Restasis on the corneal barrier integrity of mice under DS. (A) Repre-
sentative images of OGD staining in the cornea (scale bar: 500 μm). (B) Statistical analysis of themean intensity of OGD staining. (C) Statistical
analysis of gene expression of MMP-9 in corneal epithelium. (D) Representative images of MMP-9 immunofluorescence staining in corneal
epithelium (scale bar: 200 μm). Data are shown as mean ± SD. **P< 0.01, ***P < 0.001 (n = 5 for each group).

expression and production of IL-17A and IFN-γ and
increased the gene expression and production of IL-
13 in conjunctiva under DS (Figs. 3C–H). No signifi-
cant difference between these measurements was found
between 0.05%MZR- and Restasis-treated mice, n = 5
for each group.

MZR (0.05% in PBS) and Restasis Had
Comparable Effects in Suppressing the
Apoptosis of Ocular Surface Cells

Evidence for the association between ocular surface
inflammation and apoptosis has been investigated.16
Apoptosis plays an important role in the pathogene-
sis of DED. We finally measured the key factors of
apoptosis: AC-caspase-8 and the levels of TUNEL
staining positive cells. It was observed that topical
application of 0.05% MZR or Restasis both effec-
tively decreased the levels of caspase-8 (Figs. 4A–C;
DS versus DS + MZR, 1.00 ± 0.11 vs. 0.57 ± 0.11,
P < 0.05; DS versus DS + Restasis, 1.00 ± 0.11 vs.
0.78 ± 0.30, P = 0.3137) and the number of TUNEL-
positive cells in the ocular surface (Figs. 4D–G; cornea
epithelium, DS versus DS + MZR, 6.6 ± 1.8 vs. 4.0

± 1.2, P < 0.05; DS versus DS + Restasis, 6.6 ±
1.8 vs. 3.8 ± 1.3, P < 0.05; conjunctival epithelium,
DS versus DS + MZR, 12.4 ± 4 .3 vs. 5.4 ± 1.1,
P < 0.01; DS versus DS + Restasis, 12.4 ± 4.3 vs.
4.8 ± 1.9, P < 0.01). No significant difference between
AC-caspase-8 (Figs. 4A–C; P = 0.3371) and TUNEL
staining positive cells (Figs. 4D–G; cornea epithelium,
P = 0.9952; conjunctival epithelium, P = 0.9816) was
found between 0.05%MZR- andRestasis-treatedmice.

MZR (0.05% in PBS) Had Less Ocular Irritation
Compared to Restasis after Topical
Administration

Assessment of ocular irritation was performed after
topical administration of the NS group and PBS
alone or 0.05% MZR in PBS or Restasis eye drops
in the mouse dry eye model. All groups of treated
mice exhibited wiping behavior using the forelimbs,
which is an indicator of pain (Fig. 5A). However, after
5 minutes of observation, we found that the number of
wiping behaviors in the PBS- or MZR-treated group
was significantly less than in the Restasis-treated group
(Fig. 5C; DS+ PBS versus DS+Restasis, 12.44± 8.58
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Figure 3. The effects of topical application of 0.05% MZR in PBS and Restasis on CD4+ T-cell-based inflammation in the conjunctiva of
mice under DS. (A) Representative images of CD4+ T-cell staining (scale bar: 500 μm). (B) Statistical analysis of the number of CD4+ T cells
in conjunctiva per millimeter. Statistical; analysis of gene expression and protein levels of IFN-γ (C, D), IL-13 (E, F), and IL-17A (G, H) in the
conjunctiva. Data are shown as mean ± SD. *P < 0.05, **P < 0.01, ***P < 0.001 (n = 5 for each group).

vs. 29.2 ± 10.7, P < 0.01; DS + 0.05%MZR versus DS
+ Restasis, 13.0 ± 5.3 vs. 29.2 ± 10.7, P < 0.05). Inter-
estingly, Restasis-treatedmice also displayed scratching
of the hindlimbs, an index of itching, but not in MZR-
or PBS-treated mice (Fig. 5B). There was no significant
conjunctival hyperemia in both treated groups (Fig.
5D), n = 5 for each group.

Discussion

DED is an inflammatory disease, and clinical
evidence suggests that topical anti-inflammatory treat-
ment of dry eye is effective. Our study demonstrated
that topical application of MZR could rescue goblet
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Figure 4. The effects of topical application of 0.05%MZR in PBS and Restasis on apoptosis in the ocular surface ofmice under DS. (A) Repre-
sentative images of AC-caspase-8 immunofluorescence staining in the conjunctiva (scale bar: 300 μm). (B) Representative images of protein
level of AC-caspase-8 in the conjunctiva. (C) Statistical analysis of the protein level of AC-caspase-8 in the conjunctiva. (D, F) Representative
images of TUNEL staining in the cornea and the conjunctiva (scale bar: 50 μm). (E, G) Statistical analysis of the number of TUNEL-positive cells
in the cornea and the conjunctiva. Data are shown as mean ± SD. *P < 0.05, **P <0.01, ***P < 0.001 (n = 5 for each group).

cell loss, improve corneal barrier functions, suppress
ocular surface epithelial cell apoptosis, and decrease
conjunctival CD4+ T-cell infiltration, which shows the
same therapeutic effect as that of CsA during DS.

Although both drugs were effective, their mecha-
nismof actionwas completely different. CsA selectively
acts on the early stage of T lymphocyte activation and
inhibits the production of interferon by lymphocytes.
It blocks calmodulin/calcineurin-induced phosphory-
lation of the nuclear factor of activated T cells (NFAT)
that is involved in early T-cell gene expression in the
cytoplasm. Dephosphorylated NFAT is then trans-
ported to the nucleus to initiate transcription of T-cell-

stimulated inflammatory cytokines, notably IL-2 and
IFN-γ .2 MZR does not block early events in T-cell
activation such as IL-2 or IL-2R expression, but its
specific mechanism is the antiproliferation of lympho-
cytes by inhibiting DNA synthesis. It can block the
movement of T and B cells from the G1 to S phase,
as well as inhibit the synthesis of inosine monophos-
phate dehydrogenase and guanosine monophosphate
synthetase, both enzymes believed to be required for
the classical de novo pathway.17 Although these two
drugs had different mechanisms of action, there was
no significant difference in therapeutic effect in rescu-
ing goblet cell loss, improving corneal barrier integrity,
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Figure 5. Ocular irritation after topical application of PBS, 0.05% MZR in PBS and Restasis. (A) Representative images of wiping of the
forelimbs (arrow). (B) Representative images of scratching of the hindlimbs (arrow). (C) Statistical analysis of the number of wiping behaviors
5 minutes after topical application of PBS alone, 0.05%MZR in PBS or Restasis. Data are shown as mean± SD. **P<0.01, *P< 0.05 (n= 5 for
each group). (D) Representative images of hyperemia of superior bulbar conjunctiva (scale bar: 150 μm).

suppressing ocular surface epithelial cell apoptosis, and
decreasing CD4+ T-cell infiltration-mediated inflam-
mation in the ocular surface during DS. We believed
that lymphocyte infiltration and/or activation were
decreased by MZR and/or CsA on the ocular surface,
whichmay be responsible for the comparable therapeu-
tic effect between MZR and CsA in alleviating ocular
surface damage induced by DS.

Reduced tear volume is one of the significant
features of dry eye disease that causes ocular dryness,
foreign body sensation, and ocular burning. Tear secre-
tary function can be disrupted by disease of the affer-
ent, efferent, or glandular components of the lacrimal
functional unit, as well as from ocular surface or
glandular inflammation.18,19 The release of inflamma-
tory cytokines from lymphocytes and ocular resident
cells can obstruct the tearing reflex by interfering
with neurotransmitter release and the response of the
tear-secreting machinery to the neurotransmitters.18,19
Evidence suggests that CsA treatment affects reflex
tearing in patients with dry eye2,20 and significantly
increases tear production at week 6 in murine dry eye.21
Topical application of MZR also significantly increases
tear production during DS.12 Both may be improv-
ing tear secretion by suppressing T lymphocytes and
inflammatory cytokines. From this study, we found
that both MZR and CsA had a comparable effect on
improving tear secretion, which is of great significance
for aqueous deficient dry eye.

The sensory nerves on the ocular surface show
morphologic and functional changes in DED and are

the basis for the development of symptoms of discom-
fort.22 Inflammation plays an important role in the
pathogenesis of dry eye and is the main cause of sensi-
tization and damage to peripheral sensory neurons.23,24
Peripheral sensory nerve injury leads to the release
of inflammatory mediators, such as substance P and
calcitonin gene-related peptide (the main cytokines
related to ocular pain).25 Together, these mediators
activate resident mast cells and macrophages to release
signal transduction mediators that directly activate or
sensitize nociceptive and pruriceptive units, including
prostaglandin, serotonin, tryptase, and histamine (the
main function of the latter two is the transmission of
itching).26 Therefore, the ultimate goal of dry eye treat-
ment is to target the root cause of dry eye and to allevi-
ate painful or itchy eyes without worsening existing
irritation. However, the usage of CsA for ocular appli-
cation represents a challenge due to its pharmaceuti-
cal formulation. Restasis formulation contains castor
oil, which is the culprit that causes ocular burning
and irritation.27 In addition, conjunctival hyperemia,
discharge, epiphora, eye pain, foreign body sensa-
tion, pruritus, stinging, and visual disturbance are
also the major drawbacks reported with Restasis.2,28–31
There was no symptom change over time by Ocular
Surface Disease Index after topical administration of
CsA, and 29% of subjects still experienced discom-
fort on instillation compared with 9% of subjects using
vehicle.32 To date, more than 50 different approaches
for the ocular delivery of CsA have been described,6
and it remains the most challenging compound to
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formulate in a suitable dosage form. Therefore, water-
soluble ophthalmic immunosuppressants are the future
direction for dry eye treatment.MZR is a water-soluble
imidazole nucleoside with immunosuppressive activity.
It is suitable for ophthalmic applications because of its
inherent physical and chemical properties: hydrophilic-
ity (the approximate solubility in water of MZR is 20
mg/mL compared to 0.0095 mg/mL of CsA). There-
fore, the MZR eye drop is attractive because it can
be prepared into a homogeneous solution that is clear
and stable, has a long shelf life, and provides comfort
and better compliance from the patient. In our study,
from the behavioral experiments of mice with dry eye
after topical application of these two drugs, we found
that the ocular irritation of MZR was significantly less
than that of CsA. Meanwhile, no obvious conjunctival
hyperemia was observed during treatment. Therefore,
we suggest that MZR may have application prospects
in clinical ophthalmology.

In this experiment, we did not set up a vehicle
control group because we did include a vehicle control
group in our previous work12 and confirmed the
efficiency of MZR in the treatment of dry eye.
Similarly, the use of Restasis in DED has been
described for several decades, and its effectiveness is
widely recognized. While CsA used in this experi-
ment (Restasis) is also a commercial product, it was
somewhat difficult for us to get the exact formulation
of its solvent and to establish a vehicle control group
of Restasis.

In conclusion, we provided a repeatable efficacy of
MZR as an eye drop to inhibit ocular inflammation of
DED and demonstrated for the first time that 0.05%
MZR in PBS eye drops has a comparable effect to
Restasis in alleviating epithelial damage and CD4+ T-
cell-mediated immunity in the ocular surface of DED.
At the same time, MZR has less ocular irritation.
The improvement in the ocular surface demonstrated
by MZR meets the management standard for ocular
surface disease, and MZR may be a promising poten-
tial drug suitable for dry eye therapy or other ocular
surface inflammatory diseases.
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