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BACKGROUND AND PURPOSE

Fibroblast-to-myofibroblast differentiation is associated with scarring, an important issue in corneal surgery. Moxifloxacin
(MOX), commonly applied to prevent post-operative infection, would benefit more if it modifies fibroblast-to-myofibroblast
differentiation other than antimicrobial activity. Our purpose was to explore whether MOX has anti-fibrotic effect in human
corneal fibroblasts (HCFs).

EXPERIMENTAL APPROACH

HCFs were incubated in MOX-containing medium concurrently with TGF-B1 (co-treatment), before (pretreatment) or after
(post-treatment) adding TGF-B1. HCF contractility was evaluated with a type | collagen gel contraction assay. Expression of
o-smooth muscle actin (a-SMA), Smad2, phospho-Smad2-Ser467, Smad4 and Smad7 was determined by immunoblotting.
Formation of o-SMA-positive filaments and distribution of active Smad2 were observed under confocal microscopy. Expression
of TGF-B receptor types | (TGFBR1) and Il (TGFBR2) was assessed with flow cytometry.

KEY RESULTS

MOX did not affect gel contractility or o-SMA filament formation in HCFs without TGF-B1 stimulation. MOX did, however,
retard HCF-containing gel contractility and a-SMA filament formation following TGF-B1 stimulation in the pretreatment and
co-treatment groups but not in the post-treatment group. MOX blocked the expression of Smad2, phospho-Smad2-Ser467
and TGFBR1 under TGF-B1 incubation. Additionally, MOX enhanced Smad7 expression in TGF-1-incubated HCFs, but did
not interfere with TGF-B-triggered Smad2 nuclear translocation or Smad4 expression.

CONCLUSIONS AND IMPLICATIONS

MOX inhibited TGF-B-induced fibroblast-to-myofibroblast differentiation via blocking TGFBR1 and enhancing Smad7
expression. MOX should be used before or during surgery to achieve these effects. These results suggest a de novo
mechanism by which MOX participates in corneal wound healing.

Abbreviations
HCFs, human corneal fibroblasts; MOX, moxifloxacin; TGFBR1, TGF-B receptor type I; TGFBR2, TGF-§ receptor type II;
o-SMA, a-smooth muscle actin

Introduction

Myofibroblasts synthesize and remodel the extracellular
matrix during the physiological wound healing process at
injured sites (Netto et al., 2005; Hinz et al., 2007). Corneal

scarring is characterized by the appearance of corneal myofi-
broblasts with tissue contraction (Saika et al., 2008), albeit
not to the same extent as in other tissues because the cornea
is avascular (Saika et al., 2006). TGF-B1, one of the profibrotic
TGF-B isoforms in mammals (Tandon et al., 2010), plays an
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important role in fibroblast-to-myofibroblast differentiation
and in Smad-dependent autocrine TGF-f1-activated signal-
ling, which is crucial for the maintenance of TGF-B1 levels
(Webber et al., 2009). Normally, TGF-B1 is present in corneal
epithelial and endothelial cells but not in keratocytes (Kaji
et al., 2001). TGF-B1 expression does, however, increase in
keratocytes after corneal surgery (Kaji etal., 2001; Chang
et al., 2008a).

To modulate fibroblast-to-myofibroblast differentiation,
TGF-B1 binds to TGF-B receptor type II (TGFBR2), which
subsequently activates TGF-f receptor type I (TGFBR1). Acti-
vated TGFBR1 phosphorylates and thus activates the down-
stream effector Smad2 at serine 467 site (Smad2-Ser467),
which forms a complex with Smad4 and shuttles into the
nucleus (Hutcheon etal.,, 2005; Matsuzaki, 2011). This
nuclear translocation of active Smad2 is directly correlated
with o-smooth muscle actin (0-SMA) expression (Petridou
et al., 2000). Smad7 is an inhibitory Smad (I-Smad) protein
for TGF- signalling which directly interferes with activation
of Smad2 by inhibiting the interaction with TGFBR1 (Fuka-
sawa et al., 2004). In contrast, the addition of TGF-B enhances
the functional expression of TGFBR1 in corneal fibroblasts
(Maltseva et al., 2001) and dermal fibroblasts (Pannu et al.,
2007). Expression of TGFBR1 and TGFBR2 on the cell surface
may change the expression and intracellular distribution of
downstream proteins, such as o-SMA. Of the TGF-B/Smad
signalling transduction molecules, a-SMA is the best charac-
terized indicator of irreversible fibroblast-to-myofibroblast
differentiation (Huet ef al., 2008; Hindman et al., 2010).

Many approaches for inhibiting TGF-B-mediated corneal
scarring are under investigation, among which mitomycin C
is the most well known and widely applied. This drug does,
however, induce significant cell death (Chang, 2005) and
more inflammation (Chou et al., 2007; Chang et al., 2010)
and renders the cells more vulnerable to external insults
(Chang et al., 2008b) after intraoperative application. There is
no available drug capable of effectively treating corneal scar-
ring without causing significant side effects (Tandon et al.,
2010).

Moxifloxacin (MOX), one of the fourth-generation fluo-
roquinolones acting on DNA gyrase and topoisomerase IV
(Pestova et al., 2000), is commonly applied prophylactically
to prevent post-operative bacterial keratitis following corneal
refractive surgery (Burka et al., 2005; Chung et al., 2009). This
drug would be even more beneficial if it modifies the
fibroblast-to-myofibroblast differentiation pathway in addi-
tion to its well-known antimicrobial activity. Our current
study was undertaken to examine the effects and probable
molecular mechanism of MOX on fibroblast-to-myofibroblast
differentiation of normal human corneal fibroblasts (HCFs)
by TGF-B1.

Methods

Primary HCF cultivation

Primary HCFs were derived from residual donor corneal rims
following penetrating keratoplasty. The corneal epithelium
and endothelium were first scraped with a sterile surgical
blade. The denuded corneal stroma was subsequently cut into
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small pieces of 1 x 1 x 1 mm in size and incubated in DMEM
(Gibco, Grand Island, NY, USA) containing 10% heat-
inactivated FBS (Biological Industries, Kibbutz Beit Haemek,
Israel) and 2 mg-mL™" collagenase A (Roche Applied Science,
Mannheim, Germany) at 37°C for about 6 h. After washing
with antibiotics-free DMEM, the isolated HCFs were seeded in
antibiotics-free 10% FBS/DMEM in a humidified atmosphere
containing 5% CO, at 37°C to expand the number of HCFs
for subsequent experiments and used between their fourth
and tenth passages.

MOX incubation

To analyse the effect of MOX (VIGAMOX?®; Alcon Laboratory
Inc., Fort Worth, TX, USA) on HCFs during fibroblast-to-
myofibroblast differentiation, 3.0 x 10° cells were seeded into
a 6 cm culture dish and treated at the following day with
0.1% FBS/DMEM as a serumless culture condition containing
0, 10, 50 or 100 pg-mL" MOX in the presence or absence of
2 ng-mL™" TGF-B1 (R&D Systems, Minneapolis, MN, USA).
The cells were examined at different time points for the
following assays.

Collagen gel contraction assay

To examine the effect of MOX on the contraction capacity of
HCFs, collagen gel was prepared with PureCor® collagen solu-
tion (#5005; Advanced BioMatrix, San Diego, CA, USA), con-
taining about 97% type I collagen with remainder type III
collagen, referring to the manufacturer’s instruction with
minor modification (Tang et al., 2010). Briefly, a final 1 mL of
gel mixture of 1.2 mg-mL™' PureCor collagen and 1.0 x
10° cells-mL™" was prepared in serumless medium at pH 7.2—
7.6 in each well of a 24-well plate. In the groups with TGF-f1
and/or MOX, the collagen mixtures were also mixed with
2 ng-mL™ TGF-B1 and/or 100 pg-mL" MOX. The collagen gels
were incubated at 37°C, and images were captured daily with
an AxioCam HRc digital camera (Carl Zeiss, Jena, Germany).
The surface area of each gel was calculated, and the differ-
ences in the reduction of gel surface area, which represents
the contraction capacity of HCFs in the various conditions,
were evaluated.

Dot blot assay

To determine the expression of TGF-f1 secretions, 200 uL of
condition medium from the treated HCFs in a 6 cm dish was
mixed directly with 100 pL of 3 x protein sample buffer
(180 mmol-L™" Tris-HCI, pH 6.8, 30% glycerol, 6% SDS,
3.75% pB-mercaptoethanol) and 10 pL of each sample was
loaded on PVDF membrane (Millipore, Bedford, MA, USA).
After blocking non-specific binding with 5% BSA (Sigma
Aldrich, St. Louis, MO, USA) in TBST (20 mmol-L! Tris-HCI,
pH 7.5, 500 mmol-L" NaCl, 0.1% Tween-20) for 1h, the
membranes were incubated at 4°C overnight in 5% BSA-
containing TBST with the TGF-B1-specific primary antibody
(#5249; 1:1000, rabbit monoclonal; Epitomics, Beverly, MA,
USA). The PVDF membranes were then incubated at room
temperature with horseradish peroxidase-conjugated anti-
rabbit (1:10 000) secondary antibody for 1 h. Finally, the
blots were developed with ECL chemiluminescence (Milli-
pore) and analysed with a FUJIFILM LAS-4000 Imaging
System (FUJIFILM, Tokyo, Japan).



Immunoblotting

To analyse the protein expression of o-SMA, Smad2, active
Smad2, Smad4 and Smad?7, the treated HCFs in a 6 cm dish
were washed with PBS (137 mmol-L™ NaCl, 2.7 mmol-L KCI,
10 mmol-L" Na,HPO,, 2 mmol-L" KH,PO,, pH 7.4) and dis-
rupted in RIPA (150 mmol-L™" NaCl, 1% NP-40, 0.2% SDS,
0.5% sodium deoxycholate, 50 mmol-L Tris-HCI, pH 7.4)
containing complete EDTA-free protease inhibitor cocktail
tablet (Cat. No. 04693132001) and PhosSTOP phosphatase
inhibitor cocktail tablet (Cat. No. 04906837001) following
the manufacturer’s instruction (Roche Applied Science). After
protein quantification using a BCA Protein Assay kit (Pierce,
Rockford, IL, USA), 3 ug of each sample was separated by 10%
SDS-PAGE and transferred to PVDF membranes. After block-
ing non-specific binding with 5% BSA-containing TBST for
1 h, the membranes were incubated at 4°C overnight in 5%
BSA-containing TBST with the appropriate primary antibod-
ies: Smad2 (#3103; 1:1000, mouse monoclonal; Cell Signal-
ling Technology, Beverly, MA, USA), phospho-Smad2-Ser467
(sc-101801; 1:1000, rabbit polyclonal; Santa Cruz Biotechnol-
ogy, Santa Cruz, CA, USA), Smad4 (sc-7154; 1:1000, rabbit
polyclonal; Santa Cruz Biotechnology), Smad7 (#3894-1;
1:1000, rabbit monoclonal; Epitomics), o-SMA (A2547;
1:1000, mouse monoclonal; Sigma Aldrich) and B-actin
(A5441; 1:1000, mouse monoclonal; Sigma Aldrich). The
PVDF membranes were then incubated at room tempera-
ture with horseradish peroxidase-conjugated anti-mouse
(1:10 000) or anti-rabbit (1:10 000) secondary antibodies for
1 h. Finally, the blots were developed and analysed as
described in the ‘Dot blot assay’.

To verify if MOX's effect on human corneal fibrosis could
be generalized to other fluoroquinolones, we also investi-
gated o-SMA and Smad2 expressions in HCFs after treatment
with ciprofloxacin (CIP; Ciproxin® Bayer Schering Pharma,
Leverkusen AG, Germany) and levofloxacin (LEV; CRAVIT®
Sanofi-Aventis Deutschland GmbH, Frankfurt am Main,
Germany) in conditions similar to MOX incubation.

Immunofluorescence staining

To observe a-SMA filament formation and intracellular dis-
tribution of Smad2, 1.0 x 10* cells were seeded on 12 mm
round uncoated cover glasses placed in the wells of a 24-well
culture plate and treated at the following day. The cells at the
harvested time were fixed with ice-cold 4% paraformalde-
hyde in PBS for 10 min. After washing with PBS, the fixed
cells were incubated in permeabilization blocking solution
(0.1% Triton X-100 and 10 mg-mL™" BSA in PBS) for 30 min.
The cells were subsequently incubated with appropriate
primary antibodies specific for a-SMA (A2547; 1:100; Sigma
Aldrich), Smad2 (#3103; 1:100; Cell Signalling Technology)
or phospho-Smad2-Ser467 (sc-101801; 1:100; Santa Cruz Bio-
technology) for 1 h. After washing twice with PBS, the cells
were incubated with Alexa Fluor® 488- or 594-conjugated
secondary antibody (1:200; Invitrogen, Carlsbad, CA, USA) in
the dark for 1 h. The actin filaments and nuclei were stained
with rhodamine phalloidin (Invitrogen) for 30 min and DAPI
for 15 min respectively. Finally, the cover glasses were
mounted reversely on glass slides with aqueous mounting
medium (DAKO, Carpinteria, CA, USA) and analysed with a
Zeiss LSM510 confocal system (Carl Zeiss).

MOX inhibits corneal fibrosis

To verify if MOX'’s suppression on a-SMA filament forma-
tion could be generalized to other fluoroquinolones, we also
observed a-SMA filament formation in HCFs after treatment
with CIP and LEV in conditions similar to MOX incubation.

Flow cytometry

To analyse the amount of TGFBR1 and TGFBR2 on the HCF
surface, the treated cells in a 6 cm dish were harvested 3 days
post incubation with MOX- and/or TGF-B1-containing
serumless DMEM, detached with trypsinization, washed
three times with PBS, and fixed with ice-cold 4% paraformal-
dehyde in PBS for 10 min. After washing with PBS, the fixed
cells were blocked for 30 min in non-permeabilization block-
ing solution (10 mg-mL™ BSA in PBS). They were then incu-
bated with primary antibodies, TGFBR1 (sc-33933; 1:100;
goat polyclonal; Santa Cruz Biotechnology) and TGFBR2 (sc-
17791; 1:100; mouse monoclonal; Santa Cruz Biotechnol-
ogy), for 1 h, washed three times with PBS, and labelled with
Alexa Fluor 488-conjugated anti-goat and anti-mouse second-
ary antibodies for 1 h respectively. Fluorescence intensity of
the labelled HCFs was detected by BD FACSCalibur and ana-
lysed by WinMDI software (BD Biosciences, San Jose, CA,
USA).

Statistical analysis

All the experiments were performed independently in tripli-
cate and the data were analysed by SPSS® version 16 software
(SPSS Inc., Chicago, IL, USA). The data were analysed by
one-way or two-way ANova followed by Tukey’s honestly sig-
nificant difference post hoc test for multiple comparisons.
The P-value of less than 0.05 was considered statistically
significant.

Results
Reduction of TGF-B1-induced gel contraction

MOX alone did not alter collagen gel size in the absence of
TGF-B1 (Figure 1, well 2). Addition of TGF-f1 to the medium
resulted in a 30% reduction in the collagen gel surface area
(Figure 1, well 3). MOX noticeably reversed the contraction
capacity of HCF-containing gel in the presence of TGF-B1,
that is, only 10% reduction in collagen gel surface area was
observed (Figure 1, well 4). This suggests that MOX is poten-
tially beneficial in preventing fibrotic contraction.

Induction of TGF-B1 secretions

To determine the amount of TGF-f1 in the condition
medium of the treated HCFs in the absence or presence of
recombinant TGF-B1, we used dot blot assay to determine the
TGF-B1 expression at several time points (Figure 2). The
results revealed that TGF-f1 alone triggered secretory TGF-B1
expression time-dependently, especially at 48 and 72 h. This
suggests that TGF-f1 stimulation acted in an autocrine
regulation manner to enhance TGF-f1 secretion in HCFs.
In the presence of MOX, the related late TGF-B1 surge was
abolished.

Suppression of newly synthesized

o-SMA expression

MOX alone did not modify intracellular o-SMA protein
expression (Figure 3, lanes 2-4). MOX did, however, suppress

British Journal of Pharmacology (2013) 168 1341-1354 1343



TC Chen et al.

Well 1 2 3 4

pry
© % T #
g 1L
© g 1.00 1.02 wx I
8 - 1 0.90
€3 o5} a0
A B
&
- 0
TGF-B1 (ng-mL?) - - 2 2
MOX (pg-mL1) . 100 - 100
Figure 1

MOX reduction of HCF-containing gel contractility. HCFs were mixed
with PureCor collagen solution as shown below the graph. Images
were captured after co-incubation of 100 ug-mL" MOX and/or
2 ng-mL™' TGF-B1 for 3 days. Quantitative data were expressed as the
mean * SEM of four individual experiments performed in triplicate.
Differences in the relative change of surface area were analysed by
one-way ANovA and compared with the groups in the absence of
TGF-B1 (**, P < 0.01) or MOX (#, P < 0.05).

Incubation time (h) 0 3 6 24 48 72
Untreated
MOX
TGF-p1 ® ®
MOX + TGF-B1
Figure 2

Up-regulation of TGF-B1 secretions in TGF-B1-stimulated HCFs. HCFs
were incubated in 2 ng-mL" TGF-B1-containing serumless DMEM
with 100 pg-mL™" MOX, and the condition medium was harvested at
0, 3, 6, 24, 48 and 72 h. All the condition samples were analysed by
dot blot assay with TGF-1-specific antibody. This was performed in
triplicate with similar trend for TGF-B1 expressions.

0-SMA expression in a dose-dependent manner when it was
co-incubated with TGF-B1 (co-treatment; Figure 3, lanes 6-8).

To further assess the most appropriate time for MOX
application to suppress TGF-f1-enhanced o-SMA expression,
we incubated HCFs in MOX-containing serumless culture
medium before (pretreatment; Figure 4A) or after TGF-B1
incubation (post-treatment; Figure 4B). Immunoblotting
revealed that pretreatment with MOX for 1 day significantly
inhibited o-SMA expression in HCFs in the presence of
TGF-B1 (Figure 4A, lanes 7 and 8). However, when the cells
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were treated first with TGF-B1 for 1 day (Figure 4B), MOX
could not modify the already-expressed o-SMA. These results
suggest that MOX application following TGF-f1 treatment
provided no additional suppression of TGF-Bl-induced
o-SMA expression.

Inhibition of TGF-B1-induced a-SMA
filament formation

Immunofluorescence staining revealed no a-SMA filaments
in untreated cells (Figure 5A) and in MOX-treated fibroblasts
(Figure 5D), whereas incubation with TGF-B1 significantly
increased o-SMA filament formation (Figure 5G). MOX treat-
ment significantly decreased incorporation of o-SMA into
filaments in TGF-B1l-incubation fibroblasts (Figure 5J). MOX
efficiently reduced the a-SMA filament formation from 30.8%
(12.5% strong plus 18.3% weak) to 1.7% (0.4% strong plus
1.3% weak) in TGF-B1-treated cells (Figure 5M) in addition to
suppressing endogenous o-SMA expression per se. These mor-
phological observations confirmed that MOX inhibited
corneal fibroblast-to-myofibroblast differentiation.

Blockage of TGFBR1 expression on the
fibroblast surface

To examine whether MOX exerted its effect via modifying
TGF-B receptor complex expression on the cell surface, we
determined the signal intensity of green fluorescent dye-
labelled TGFBR1 (Figure 6A) and TGFBR2 (Figure 6B) using
flow cytometry. The results disclosed that MOX alone did not
modify the number of TGFBR1- and TGFBR2-labelled HCFs
(Figure 6A and B, blue curve). Addition of recombinant
TGF-B1 resulted in a significant increase in TGFBR1-labelled
HCFs (Figure 6A, red curve), but did not change the expres-
sion of TGFBR2 (Figure 6B, red curve). In contrast, MOX
co-treatment abolished the TGF-B1-related right shift of the
curve (Figure 6A, green curve). These data indicate that block-
age of the TGFBR1, but not TGFBR2, response to TGF-f1
stimulation might be a key factor for MOX-related suppres-
sion of corneal fibrosis in HCFs.

Alteration of protein expression and
phosphorylation of Smad2

To verify the role of MOX in Smad2/Smad4 complex-related
corneal fibrosis, we determined the levels of Smad2, Smad4,
Smad?7 and active Smad2 after MOX incubation (Figure 7).
Immunoblotting showed that MOX had no noticeable effect
on expression of phospho-Smad2-Ser467, Smad2, Smad4 and
Smad7 in the absence of TGF-f1. However, MOX did notice-
ably reduce the expressions of both TGF-f1-activated Smad2
(Figure 7A and B, lanes 16-20) and endogenous Smad2
(Figure 7A and C, lanes 16-20) in a time-dependent manner
under TGF-B1 stimulation. MOX did not modulate Smad4
expression (Figure 7A and D). Nevertheless, MOX time-
dependently induced Smad7 expression (Figure 7A and E,
lanes 16-20), also only in the presence of TGF-B1 stimulation.
Thus, MOX might benefit fibrosis prevention by enhancing
Smad7 expression, which subsequently suppressed Smad2
synthesis and phosphorylation during wound healing.

No effect on nuclear translocation of Smad2
Due to the importance of nuclear translocation of active
Smad2 on fibroblast-to-myofibroblast differentiation during
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MOX suppression of o-SMA expression. HCFs were incubated in 2 ng-mL™ TGF-B1-containing serumless DMEM with 0, 10, 50 or 100 pug-mL™'
MOX. Cells were harvested after 3 days of incubation and analysed by immunoblotting with o-SMA- and B-actin-specific primary antibodies.
Quantitative data were expressed as the mean = SEM of three individual experiments performed in triplicate. Differences in the relative change
of 0-SMA expression were analysed by two-way anova and compared with the groups in the absence of TGF-f1 (***, P < 0.001) or MOX

(##, P < 0.01; ###, P <0.001).

wound healing, we used immunofluorescent staining to
monitor the distribution of Smad2 and phospho-Smad2
(Figure 8). Endogenous Smad2 in the untreated HCFs was
scattered mainly in the cytoplasm (Figure 8A), but active
Smad2 was undetectable in the entire cell (Figure 8B). MOX
alone did not alter the staining pattern of Smad2/active
Smad2 in cells (Figure 8D and E). TGF-B1 induced nuclear
translocation of Smad2/active Smad2 (Figure 8G, H and I).
Smad2/Active Smad2 could still shuttle into the nucleus of
MOX-treated HCFs in the presence of TGF-f1 (Figure 8], K
and L). These results indicate that MOX did not interfere with
the TGF-B1-induced intracellular shuttling of active Smad2 in
HCFs.

Anti-fibrotic efficiency of other
fluoroquinolones in HCFs

In addition to MOX, the fibrosis-suppressing effect of two
other fluoroquinolones, CIP (a second-generation agent) and
LEV (a third-generation agent), was examined (Figure 9). The
immunoblotting revealed that CIP or LEV alone did not
noticeably modify intracellular protein expression of o-SMA
(Figure 9C and D, lanes 2-4) and Smad2 (Figure 9E and F,
lanes 2-4). However, both CIP and LEV suppressed TGF-B1-
stimulated o-SMA expression (Figure 9C and D, lanes 6-8)
and TGF-Bl-incubated Smad2 expression in a dose-

dependent manner (Figure 9E and F, lanes 6-8). Immunofluo-
rescence staining also revealed that CIP and LEV were able to
reduce the TGF-Bl-related o-SMA filament formation cells
from 30.8% (12.5% strong plus 18.3% weak) to residual 5.1%
(0.6% strong plus 4.5% weak) and 9.8% (2.7% strong plus
7.1% weak) respectively (Figure 10). Statistical analysis
revealed that CIP and LEV also manifested anti-fibrotic effect
as did MOX, but not as efficiently (P < 0.001).

Discussion and conclusions

Minimized post-operative scar formation and the absence of
infection are prerequisites for perfect refractive surgery
results. In this study, we investigated the inhibitory effect of
MOX on fibroblast-to-myofibroblast differentiation in the
presence of TGF-B1, a scenario mimicking wound healing. We
demonstrated for the first time that MOX at concentration of
100 ug-mL™, a non-lethal dose in HCFs, was sufficient to
reduce HCF-containing gel contractility (Figure 1), endog-
enous o-SMA filament formation (Figure 5) and TGFBR1
expression on the HCF surface (Figure 6A), suggesting that
MOX may reduce fibroblast-to-myofibroblast differentiation
in human corneal stroma.

Our results revealed that both co-treatment (Figure 3)
and pretreatment (Figure 4A) with MOX efficiently reduced
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Figure 4

Suppression efficiency of MOX on a-SMA expression. (A) HCFs were untreated (lanes 1, 2, 5 and 6) or pretreated with (lanes 3, 4, 7 and 8)
100 pug-mL™" MOX for 1 day and then incubated in serumless DMEM without (lanes 1-4) or with (lanes 5-8) 2 ng-mL™" TGF-B1 for a further day.
Additional incubation time (days): the number of days incubated in TGF-B1-containing media after pretreatment with MOX. (B) HCFs were treated
in serumless DMEM with 2 ng-mL™ TGF-B1 for 1 day before co-incubating with 100 ug-mL™" MOX for 1 more day. The cell lysates were harvested
at 2 day TGF-B1 stimulation and analysed by immunoblotting with a-SMA- and B-actin-specific primary antibodies. Quantitative data were
expressed as the mean = SEM of three individual experiments performed in triplicate. Differences in the relative changes of a-SMA expression were
analysed by two-way anova for (A) or one-way anova for (B), and compared with the groups in the absence of TGF-f1 (***, P < 0.001) or MOX
(###, P < 0.001) at the same harvest day, and also compared with the same treatment groups at the previous day (¢®®, P < 0.001).
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Figure 5

MOX suppression of a-SMA filament formation. HCFs on round cover glasses were with 100 pg-mL™" MOX and/or 2 ng-mL™" TGF-B1 for 3 days
and then were stained with o-SMA-specific antibody (A, D, G, ]), rhodamine phalloidin (B, E, H, K) and DAPI (shown in merged images C, F, |,
L). Scale bar in each merged image was 100 um in length. (M) Ratio of o-SMA filament-positive cells was calculated as cells stained both strongly
(arrows, upper part of the column) and weakly (arrowheads, lower part of the column) for o-SMA filament divided by all visualized cells from five
different fields of each individual experiment at 100 x magnification. The total expression ratios were expressed as the mean = SEM of three
individual experiments performed in triplicate. Differences in the relative ratios were analysed by one-way anova and compared with the groups
in the absence of TGF-B1 (***, P < 0.001) or MOX (###, P < 0.001).
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Figure 6

MOX down-regulation of TGFBR1 expression on the surface of HCFs.
HCFs were co-incubated with 100 ug-mL™" MOX and/or 2 ng-mL™"
TGF-B1 for 3 days. Cells were incubated with (A) TGFBR1- and (B)
TGFBR2-specific antibodies, stained with fluorescent Alexa Fluor 488-
conjugated anti-goat and anti-mouse secondary antibodies, respec-
tively, and analysed with flow cytometry. Displayed curve represents
one of the individual experiments performed in triplicate for TGFBR1
and TGFBR2 expressions respectively.

TGF-B1-related a-SMA production, but MOX treatment after
TGF-B1 incubation did not dissipate the already-formed
o-SMA (Figure 4B). These results are consistent with a previ-
ous report that TGF-f1 induced a relatively stable fibroblast
phenotype alteration in myofibroblasts (Evans et al., 2003).
As TGF-B1 increases in an autocrine augmentation manner
both in vivo (Kaji et al., 2001) and in vitro (Kato et al., 2011),
the sustained up-regulation of TGF-B1 secretion (Figure 2)
might be critical in more o-SMA filament formation
(Figure 5), more TGFBR1 expression on cell surface (Figure 6)
and the observed long-term Smad2 activation (Figure 7B).
Therefore, we suggest that MOX should be applied before
corneal fibroblasts differentiate into corneal myofibroblasts.
Clinically, MOX is commonly used post-operatively (Holland
et al., 2008), although some surgeons advocate preoperative
administration for better antimicrobial prophylaxis (Katz
et al., 2005; Holland et al., 2008; Yoshida et al., 2010). We
suggest that application of MOX before surgery is more ben-
eficial in terms of fibroblast-to-myofibroblast differentiation
and subsequent wound healing.
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MOX blocked TGF-B1 from increasing TGFBR1 on corneal
fibroblasts (Figure 6A), but had no obvious effect on TGFBR2
expression (Figure 6B). However, MOX induced Smad7
expression in TGF-B1-incubated HCFs (Figure 7A and E), sug-
gesting that the increased Smad7 might inhibit the interac-
tion between TGFBR1 and Smad2. Furthermore, TGFBR1
controls the TGF-B signalling pathway (Blobe et al., 2000), so
we propose that blocking the TGFBR1 expression in response
to TGF-B exposure may be the critical mechanism for how
MOX suppresses TGFBR1 signalling-related o-SMA filament
formation. MOX also noticeably attenuated Smad2 phospho-
rylation (Figure 7A and B) and TGF-B1-stimulated Smad2
protein expression (Figure 7A and C). It did not, however,
affect TGF-B1-triggered nuclear translocation of active Smad2
in HCFs (Figure 8). Nuclear translocation of active Smad2/
Smad4 complexes is a key step during TGF-B1-triggered
differentiation of myofibroblasts (Blobe et al., 2000). In addi-
tion, Smad2 phosphorylation is required during fibroblast-to-
myofibroblast differentiation (Petridou etal., 2000), and
Smad?2 overexpression results in up-regulation of o-SMA tran-
scripts in fibroblasts (Evans et al., 2003). Therefore, we believe
that the MOX-related decrease in a-SMA filament formation
resulted from reduced protein expression and phosphoryla-
tion of endogenous Smad2.

We demonstrated that MOX modified o-SMA expression
and fibroblast-to-myofibroblast differentiation by modifying
TGF-B1 signalling. This mechanism is different from that of
the widely used mitomycin C, which modulates wound
healing mainly by inducing keratocyte apoptosis (Chang,
2005). MOX is thus a potential candidate for facilitating
corneal wound healing without inducing excessive keratocyte
loss and is thus devoid of this potential long-term concern.

Medications could be applied at different dosages for dif-
ferent purposes. For example, oral cimetidine facilitates the
healing of benign gastric ulcer at a dosage of 300 mg with
meals and at bedtime (Isenberg et al., 1983). At higher dosage,
it results in augmentation of both cellular and humoral
immunity and has been used clinically for papillomatosis
treatment (Chang and Huang, 2006). Similarly, the minimum
concentration of MOX needed to inhibit 90% of pathogens
commonly encountered is in the range of 0.25-2.5 ug-mL™"
(Kernt efal.,, 2009). Higher stromal concentration of
48.5 ug-g!' could be achieved by topical application of
S mg-mL?' MOX 2 doses given 5 min apart (Holland et al.,
2008), and no significant toxicity of MOX is observed on
human corneal endothelium with concentrations up to
150 ug-mL! (Kernt et al., 2009). In this study, we demon-
strated that MOX exerted anti-fibrotic effects on HCFs at
higher doses of 50-100 ug-mL™ (Figures 3 and 5). Because
higher tissue level could be achieved by adding retention-
enhancing agent in the formula (Lindstrom etal., 2010),
careful dosage adjustment could thus provide reasonable
antimicrobial and anti-fibrotic effects. Furthermore, as
corneal epithelium is a critical barrier to topically applied
medication (Yasueda et al., 2007), corneal penetration of topi-
cally applied antibiotics would increase tremendously in
cases with corneal epithelial defects, such as corneal ulcers.
We suggest that stromal concentration of higher than
100 ug-mL™" could be achieved by topical frequent applica-
tion of 5 mg-mL" MOX in these cases. As corneal scar forma-
tion following corneal ulcer usually leads to corneal
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Figure 7

MOX inactivation of Smad2 expression. HCFs were incubated in 2 ng-mL™ TGF-B1-containing serumless DMEM with 0 or 100 pug-mL™" MOX. (A)
Cells were harvested at the incubation time points and analysed by immunoblotting with phospho-Smad2-Ser467 (p-Smad2)-, Smad2-, Smad4-,
Smad7- and B-actin-specific primary antibodies. (B) Relative p-Smad2 expression was calculated and normalized to the present endogenous
Smad2. Relative expressions of (C) Smad2, (D) Smad4 and (E) Smad7 were calculated and normalized to B-actin expression respectively.
Quantitative data were expressed as the mean * SEM of three individual experiments performed in triplicate. Differences in the relative changes
of p-Smad2, Smad2, Smad4 and Smad7 expressions were analysed by two-way anova compared with the groups in the absence of TGF-B1 (***,
P < 0.007) or MOX (##, P < 0.01; ###, P < 0.001), and also compared with the same treatment groups at 0 h (®, P < 0.05; ¢4®, P <0.001).
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Figure 8

No change in Smad2 nuclear shuttling by MOX. HCFs on round cover glasses were co-incubated with 100 ug-mL™ MOX and/or 2 ng-mL™' TGF-$1
for 3 days and stained with anti-Smad2 (A, D, G, J), anti-phospho-Smad2-Ser467 (p-Smad2) (B, E, H, K) and DAPI (shown in merged images of
C, F, 1, L). These confocal images were captured from the fields at 400 x magnification. Scale bar in each merged image was 50 um in length.
(M) Ratio of active Smad2 in nucleus was calculated from five different fields of each individual experiment at 400 x magnification. Quantitative
data of total expression ratio were expressed as the mean + SEM of three individual experiments performed in triplicate. Differences in the relative
changes of active Smad2 in nucleus were analysed by one-way anova and compared with the groups in the absence of TGF-B1 (***, P < 0.001).

1350 British Journal of Pharmacology (2013) 168 1341-1354



A

TGF-B1 (2 ng-mL)

MOX inhibits corneal fibrosis

B

CIP (ng-mL1) - 10 50 100 - 10 50 100
(-SMA (43 kDa) | v = . o D S a—
Smad2 (58 kDa) | - - —
B-actin (42 kDa) |- ——————————

lane 1 2 3 4 5 6 7 8

c =
.% @
o 8 et
22 il
: .g - 38 3.68 1
S B r“:’
78
& | [k F4 s

CIP (pg-mL?) - 10 50 100 - 10 50 100

TGF-B1 (2 ng-mL?1)

2
=)
G e
o ©
a o 1.18 1.16|
é .; 1 | 112 i
~ 2 ' -
g E s 0.56,
UE, g 0.43
0
CIP (ug'mL?) - 10 50 100 - 10 50 100
TGF-B1 (2 ng-mL?)

Figure 9

TGF-B1 (2 ng-mL?)

LEV (ug'mL?) - 10 50 100 - 10 50 100
a-SMA (43 kDa) e - e——
Smad2 (58 kDa) |GG S - ——
B-actin (42 kDa) |G S a S — —
lane 1 2 3 4 5 6 7 8

D

=
23 -
E E BSE 6.51 ;;:
g2 st o
2 g 4.66 e
S &
v a
*€ | | E

LEV (pg-mL?) - 10 50 100 - 10 50 100

TGF-B1(2 ng-mL)

2
59
0 c
o ©
% B i 1.18| (123
o @ 1.00 1.06| *
% E g 0.76/ - ;.
(v ) 0.57
v -
0
LEV (ug'mL?) - 10 50 100 - 10 50 100

TGF-B1 (2 ng-mL?)

Effect of CIP and LEV on o-SMA and Smad2 expressions. HCFs were incubated in 2 ng-mL™" TGF-B1-containing serumless DMEM with 0, 10, 50
and 100 pug-mL™" of (A) CIP or (B) LEV. All the cell lysates were harvested after 3 days of incubation and analysed by immunoblotting with o-SMA-,
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analysed by two-way anova and compared with the groups in the absence of TGF-B1 (*, P < 0.05; **, P < 0.01; ***, P < 0.001), CIP (#, P < 0.05;

##, P<0.01) or LEV (®, P < 0.05; ¢6¢, P <0.001).

transplantation, topically frequent application of fluoroqui-
nolones might benefit corneal ulcer treatment by minimizing
corneal scar formation and by circumventing corneal
transplantation.

The TGFBRI1 signalling pathway is currently a potential
therapeutic target for many diseases, such as breast
cancer-induced osteolysis (Futakuchi et al., 2009), glioblas-

toma (Tran et al., 2007), liver cancer (Fransvea et al., 2009),
osteoarthritis (Blaney Davidson etal.,, 2005), pancreatic
cancer (Medicherla efal., 2007) and puromycin-induced
nephritis (Higashiyama etal., 2007). Reported inhibitors
that block the function of TGFBR1 include LY2109761
(Connolly etal., 2011), SB431542 (Cabello-Verrugio et al.,
2011), SB525334 (Higashiyama efal, 2007), SD-208
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Figure 10

Suppression of a-SMA filament formation by CIP and LEV. HCFs on round cover glasses were incubated in 2 ng-mL™" TGF-B1-containing serumless
DMEM with 100 pg-mL™" CIP or LEV for 3 days and then were stained with o-SMA-specific antibody (A, D, G, ]), rhodamine phalloidin (B, E, H,
K) and DAPI (shown in merged images of C, F, |, L). Scale bar in each merged image was 100 um in length. (M) Ratio of a-SMA filament-positive
HCFs was calculated from five different fields of each individual experiment at 100 x magnification. Quantitative data of the total expression ratio
containing strong images (upper part of the column) and weak images (lower part of the column) were expressed as the mean = SEM of three
individual experiments performed in triplicate. Differences in the effect of CIP and LEV on o-SMA filament formation were analysed by one-way
ANovA and compared with the groups in the absence of TGF-$1 (***, P < 0.001), CIP (###, P < 0.001) or LEV (¢®®, P < 0.001).
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(2,4-disubstituted pteridine) (Leung ef al., 2006; Medicherla
et al., 2007), SX-007 (Tran et al., 2007) and neutralizing anti-
body (Futakuchi et al., 2009). Even though these inhibitors
have been used to suppress fibroblast-to-myofibroblast differ-
entiation, they are not commonly used drugs in ophthalmol-
ogy. In addition, targeting the TGF-B1 signalling pathway by
down-regulating TGFBR2 with small interference RNAs has
been reported to prevent ocular fibrosis (Nakamura efal.,
2004). However, application of these drugs to prevent corneal
scarring has not been explored. Herein we suggest preopera-
tive application of MOX at higher dosage as a useful alterna-
tive for reducing corneal fibrosis in corneal surgery.

DNA gyrase, a type II topoisomerase, plays important
roles in a number of fundamental nuclear processes and is
essential for the survival of eukaryotic cells. Quinolones
inhibit the bacterial DNA gyrase thereby inhibiting DNA rep-
lication and transcription (Gruger et al., 2004). Evidence has
shown eukaryotic DNA gyrase as a target for a variety of
quinolone-based drugs (Gruger et al., 2004). Whether MOX
modulates the TGFBR1 signalling via interfering with DNA
gyrase awaits further study.

CIP, LEV and MOX are classified into the second-, third-
and fourth-generation fluoroquinolones respectively. Both
CIP and LEV Kkill bacteria by inhibiting DNA gyrase, but MOX
inhibits both DNA gyrase and topoisomerase IV. Our results
indicated that not only MOX but also CIP and LEV sup-
pressed o-SMA protein expression (Figure 9) and o-SMA
filament formation (Figure 10). However, while TGF-f1
increased a-SMA filament formation in 30.8% of treated cells,
MOX, CIP and LEV at 100 ug-mL™ suppressed o-SMA fila-
ment forming cells to a residual of 1.7, 5.1 and 9.8% cells
forming a-SMA filaments respectively (Figures SM and 10M).
Our results suggest that MOX suppressed the a-SMA filament
formation in HCFs most efficiently (P < 0.001).

This study is the first demonstration that MOX modulates
fibroblast-to-myofibroblast differentiation of HCFs by affect-
ing a-SMA expression in the presence of TGF-B1. Both preop-
erative and concomitant MOX applications may efficiently
suppress corneal fibroblast-to-myofibroblast differentiation.
Our novel finding of the anti-fibrotic action in addition to its
original antibacterial properties provides an extension of its
original application and also offers an alternative to the tra-
ditional regimen of intraoperative mitomycin C application
plus post-operative MOX. As MOX treatment does not reduce
pre-existing a-SMA, it should thus be used before or at least
soon after wounding. Further studies investigating whether
MOX triggers other regulators that modulate the inflamma-
tory response in HCFs as shown in mitomycin C (Chang
et al., 2010) are warranted. Animal and/or in vivo studies are
also needed to determine an appropriate dosage of MOX.
Verifying similar anti-fibrotic effects in fibroblasts of other
origins awaits further investigation and may also facilitate
wound healing modulation in other tissues once validated.
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