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Lobeglitazone attenuates fibrosis in corneal fibroblasts
by interrupting TGF-beta-mediated Smad signaling
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Abstract
Purpose Transforming growth factor beta 1 (TGF-β1) is an important cytokine released after ocular surface injury to promote
wound healing. However, its persistence at the injury site triggers a fibrotic response that leads to corneal scarring and opacity.
Thiazolidinediones (TZDs) are synthetic peroxisome proliferator-activated receptor gamma (PPAR-γ) ligands used to regulate
glucose and lipid metabolism in the management of type 2 diabetes. Studies have also showed TZDs have antifibrotic effect. In
this study, we investigated the antifibrotic effect of the TZD lobeglitazone on TGF-β1-induced fibrosis in corneal fibroblasts.
Methods Human primary corneal fibroblasts were cultivated and treated with TGF-β1 (5 ng/mL) to induce fibrosis, with or without
pre-treatments with different concentrations of lobeglitazone. Myofibroblast differentiation and extracellular matrix (ECM) protein
expression was evaluated by western blotting, immunofluorescence, real-time PCR, and collagen gel contraction assay. The effect of
lobeglitazone on TGF-β1-induced reactive oxygen species (ROS) generation was evaluated by DCFDA–cellular ROS detection assay
kit. Signaling proteins were evaluated by western blotting to determine the mechanism underlying the antifibrotic effect.
Results Our results showed lobeglitazone attenuated TGF-β1-induced ECM synthesis and myofibroblast differentiation of
corneal fibroblasts. This antifibrotic effect appeared to be independent of PPAR signaling and rather due to the inhibition of
the TGF-β1-induced Smad signaling. Lobeglitazone also blocked TGF-β1-induced ROS generation and nicotinamide adenine
dinucleotide phosphate oxidase (Nox) 4 transcription.
Conclusion These findings indicate that lobeglitazone may be a promising therapeutic agent for corneal scarring.
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Key messages

Previous studies showed synthetic peroxisome proliferator-activated receptor gamma (PPAR-γ) ligands 

(Thiazolidinediones) suppress TGF-β1-induced fibrogenesis in various organs and tissues by cell/tissue specific 

mechanisms

This study showed the thiazolidinedione lobeglitazone suppresses TGF-β1-induced fibrogenesis via Smad signal 

inhibition in cornea fibroblasts

The effective antifibrotic dose of lobeglitazone was seen to be lower than that of a structurally similar 

thiazolidinedione rosiglitazone

Lobeglitazone blocked TGF-β1-induced ROS generation and nicotinamide adenine dinucleotide phosphateoxidase 

(Nox) 4 transcription.
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Introduction

Corneal fibrosis results in corneal scarring and opacity and has
rendered millions of people worldwide either visually im-
paired or completely blind. Corneal scarring remains a major
concern in clinical ophthalmology, with post-surgical scarring
posing an enormous challenge to clinicians [1]. It is caused by
abnormal corneal wound healing characterized by the preva-
lence of myofibroblasts, which synthesize large amounts of
aberrant extracellular matrix (ECM) proteins but small
amounts of water-soluble corneal crystalline enzymes, culmi-
nating in corneal opacification [2–4].

The pleiotropic cytokine, transforming growth factor beta 1
(TGF-β1), plays a crucial role in corneal stromal wound
healing by promoting the transdifferentiation of quiescent
keratocytes into active myofibroblasts [5–7]. These
myofibroblasts deposit and cross-link large amounts of aber-
rant ECM proteins at the site of injury to remodel the injured
tissue. They also express alpha-smoothmuscle actin (α-SMA)
proteins, which exert contractile force on the ECM to facilitate
wound closure [8–10]. The myofibroblasts undergo apoptosis
after the resolution of the wound [11], and the ECM proteins
are broken down by the repopulated keratocytes to restore
corneal integrity [12]. However, persistent TGF-β1 secretion
retains the myofibroblasts at the injury site, causing continu-
ous and prolonged synthesis of the aberrant ECM proteins,
ultimately resulting in the formation of fibrotic cornea tissues
with distorted architecture and thus a non-functional cornea
[8]. Therapeutic agents and methods aimed at modulating
TGF-β1 synthesis, and its effects at the site of injury offer a
promising strategy to prevent corneal scarring.

Thiazolidinediones (TZDs), also known as glitazones, are
synthetic peroxisome proliferator-activated receptor gamma
(PPAR-γ) ligands used to regulate glucose and lipid metabo-
lism in the management of type 2 diabetes [13, 14]. Several
findings indicate that these synthetic PPAR-γ ligands also
have anti-inflammatory and antifibrotic effects in various or-
gans and tissues through mechanisms that are dependent or
independent of their receptors [15–22]. Some of these
PPAR-γ independent antifibrotic effects have been observed
to result from the suppression of TGF-β1 production or the
inhibition of its downstream signaling pathways [16–18].
PPAR-γ gene over-expression has also been seen to promote
wound healing after cornea alkali injury in mice [23],
supporting the antifibrotic effect of PPAR-γ signal activation.

In this study, we investigated the effect of a fairly new
synthetic TZD, lobeglitazone, on TGF-β1-induced corneal
fibrosis. Lobeglitazone was approved by the Ministry of
Food and Drug Safety (South Korea) in 2013, and is a dual
activator of PPAR-α and PPAR-γ receptors. Lobeglitazone is
structurally similar to rosiglitazone but has a pyrimidine moi-
ety in place of the pyridine moiety in rosiglitazone and a p-
methoxyphenol functional group at the 4-position of its

pyrimidine moiety [24, 25]. These structural modifications
cause lobeglitazone to have a higher affinity for PPAR-γ re-
ceptors, thus making it more potent, at a significantly lower
dosage, for the management of type 2 diabetes with less side
effects compared to rosiglitazone [24–26]. Findings from our
laboratory and other research laboratories indicate that
rosiglitazone, similar to other TZDs, suppresses TGF-β1-
induced fibrogenesis [17, 27]. Since studies have shown that
slight changes in receptor-ligand interactions can result in sig-
nificant differences in the pharmacological actions of TZDs
[13, 28], we sought to investigate the antifibrotic effects of
lobeglitazone on corneal fibroblasts and the molecular mech-
anism underlying any such antifibrotic effects.

Materials and methods

Isolation and culture of primary human corneal
fibroblasts

Primary human corneal fibroblasts were obtained from the
corneal limbus or central button as described previously [29,
30]. Briefly, the stromal layer was isolated by Dispase II
(Sigma-Aldrich) digestion of the epithelial and endothelial
layers followed by scraping under a microscope. The stromal
layer was then digested with 2 mg/mL collagenase and 0.5
mg/mL hyaluronidase (Sigma-Aldrich, St. Louis, MO, USA)
at 37 °C over night. After digestion, the cells were collected
through centrifugation at 1500×g for 5 min and cultured at 37
°C in a humidified atmosphere of 5% CO2 in Dulbecco’s
modified Eagle’s medium (DMEM; Welgene, Gyeongsan,
Korea) containing 10% fetal bovine serum and 1%
antibiotics/antimycotics (streptomycin, penicillin, and
amphotericin B; Gibco Life Technologies, Thermo Fisher
Scientific, Waltham, MA, USA). Cells from passages 2–10
were stored at −80 °C for subsequent use.

Western blotting

For protein analysis, the cells were serum starved in DMEM
culture media with 1% antibiotics/antimycotics for 24 h, after
which they were pre-treated for 3–4 h with 5-μM and 10 μM
lobeglitazone (Chong Keun Dang Pharmaceutical Corp.,
Seoul, Korea) in dimethyl sulfoxide (Sigma-Aldrich), follow-
ed by treatment with 5 ng/mL TGF-β1 (PeproTech, Seoul,
Korea) to induce fibrosis. The cells were incubated for 48 h
for ECM protein expression analysis and for 6 h for signaling
protein expression analysis. To determine if the antifibrotic
effect is PPAR-α- and/or PPAR-γ-dependent, the cells were
pre-treated with 1 μM of the respective ligand’s synthetic
inhibitor GW6741 and GW9662 for 3–4 h (Tocris
Bioscience, Bristol, UK) before treatment with 10 μM
lobeglitazone. For a negative control set, the pre-treated cells
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were not subjected to lobeglitazone treatment. A 5 μMSmad3
specific inhibitor SIS3-HCl (Selleckchem) pre-treatment was
done to compare the effect of Smad signal inhibition and
lobeglitazone treatment on the TGF-β1-induced fibrotic pro-
c e s s . T o t a l p r o t e i n w a s e x t r a c t e d u s i n g
radioimmunoprecipitation assay buffer (Thermo Fisher
Scientific) mixed with protease and phosphatase inhibitors
(Sigma-Aldrich). Protein quantification was performed using
the Bradford assay reagent (Thermo Fisher Scientific). Equal
amounts of proteins were resolved using 10% sodium dodecyl
sulfate polyacrylamide gel electrophoresis and transferred on-
to polyvinylidene fluoride membranes (Millipore, Milan,
Italy) and blocked with 5% skimmedmilk solution. Themem-
branes were incubated with primary antibody at 4 °C over-
night, washed (3 × 5 min) with 1X TBST (Tris-buffered saline
with 0.1% Tween® 20 detergent), incubated with horseradish
peroxidase-conjugated secondary antibody for 2 h at room
temperature followed by another washing with 1X TBST (3
× 5 min). The blots were detected using Pierce™ enhanced
chemiluminescence western blotting substrate (Thermo Fisher
Scientific). The images were captured using Image Lab™
Software version 6.0 (Bio-Rad Laboratories, Hercules, CA,
USA). The relative expression levels of the target proteins
were evaluated with densitometry using the ImageJ software
Java 1.8.0_66 (64-bits) (http://imagej.nih.gov/ij/index.html).
Antibody information is provided in Supplemental Table 1.

RNA isolation and real-time quantitative polymerase
chain reaction (RT-qPCR)

For real-time quantitative analysis, the cells were seeded and
treated with 5 μM or 10 μM lobeglitazone and 5 ng/mL
TGF-β1, as described above. After incubation for 24 h, the
cells were harvested. The total RNA was extracted using an
RNA extraction kit (Qiagen, Hilden, Germany) according to
the manufacturer’s protocol. The quality and quantity of the
RNA extracts were assessed using a NanoDrop One spectro-
photometer (Thermo Fisher Scientific). The RNA was reverse
transcribed into cDNA using a LaboPassTM cDNA synthesis
kit (Cosmo Genetech, Seoul, Korea) according to the manu-
facturer’s protocol. RT-qPCRwas performed using the primer
pairs of target genes in a 10 μL reaction mixture with SYBR
green PCR mix (Applied Biosystems, Life Technologies,
Foster City, CA, USA). The primer pair sequences used are
listed in Supplemental Table 2.

Collagen gel matrix contraction assay

The cells were suspended in serum-free DMEM at a concen-
tration of 1.5 × 105 cells/mL. Next, 400 μL of the cell suspen-
sion was mixed with 200 μL of type I collagen (Gibco Life
Technologies) and neutralized with 5 μL of 1MNaOH. Then,
600 μL of the cell and gel mixture was pipetted into each well

of a 24-well plate and incubated at 37 °C for 30 min to poly-
merize. A 200 μL pipette tip was gently run along the edges of
the gels to dissociate them from the wells. Cells belonging to
four treatment regimens—vehicle-treated control cells, 5 ng/
mL TGF-β1-treated cells, 5 ng/mL TGF-β1 plus 10 μM
lobeglitazone-treated cells, and 5 ng/mL TGF-β1 plus
10 μM lobeglitazone plus 1 μM PPAR-γ synthetic inhibitor
GW9662-treated cells in DMEM—were cultured at 37 °C and
5% CO2. Each treatment regimen was performed in triplicate.
The gel images were recorded at 0 h, 24 h, 48 h, and 72 h
using a digital camera (Sony Cyber-Shot DSC-RX100 V
20.1) at a fixed distance above the gels. The degree of con-
traction of the gel surface area was measured and quantified
using the ImageJ software.

Immunoflourescence

Fibroblasts of passage 2 were cultured on glass chamber slides
and pre-treated with 10 μM lobeglitazonein serum-free media
for 3–4 h, followed by 5 ng/mL TGF-β1 treatment. After
incubation for 72 h, the cells were fixed with 4% paraformal-
dehyde (PFA), followed by cell permeation with 0.3 % Triton
X-100 in PBS (PBS-T), protein blocking with 5% BSA, and
overnight incubation with antibodies to a-SMA and fibronec-
tin at 4 °C. After washing, the cells were incubated with Alexa
Fluor-conjugated secondary antibodies (Thermo Fisher
Scientific, Rockford, IL, USA) for 2 h at room temperature
in the dark. The nuclei were counterstained with 4′,6-
diamidino-2-phenylindole (DAPI) in mounting media, and
the immunofluorescence images were captured using a fluo-
rescence microscope (Olympus BX51 Fluorescence
Microscope; Tokyo, Japan). PBS and secondary antibodies
without the primary antibody treatments were used as internal
control. Fluorescence quantification analyses were done using
ImageJ software. All treatments were done in triplicates.

Cell viability test

Cell viability was determined by the Cell Counting Kit-8
(CCK-8 ; Dojindo Laboratories, Kumamoto, Japan) assay
and also by counting the number of viable cells using a
hemocytometer.

For the CCK-8 assay, the cells were seeded into a 96-well
plate at a density of 5000 cells/well and incubated for 24 h in
DMEM. The cells were then treated with lobeglitazone at
different concentrations (0 μM, 5 μM, 10 μM, 20 μM, and
40 μM) for the first set, and with 5 ng/mL TGF-β1, 5 ng/mL
TGF-β1 plus 10 μM lobeglitazone, and vehicle-treated con-
trol for the second set, and incubated for 48 h. The assay kit
was used to determine cell viability according to the manufac-
turer’s protocol. The optical absorbance was read at 450 nm
on a microplate reader (Beckman Coulter DTX 880
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Multimode Detector) after incubation for 2 h. The experiment
were performed in triplicate for each treatment set.

For the viable cell counting using a hemecytometer, the
cells were treated and incubated as indicated above in a
60 mm culture plate. After the 48 h incubation, the adhered
cells were detached with trypsin/EDTA, centrifuged, and re-
suspended in phosphate-buffered saline (PBS; Welgene,
Gyeongsan, Korea). Equal volumes of trypan blue and the cell
suspension were mixed and 10 μM of the mixture was filled
into the hemocytometer chamber. The viable cells (unstained)
and non-viable cells (stained blue) were countered under an
EVOSTM XL core microscope (Thermo Fisher Scientific,
Bothell, WA, USA). The percentages of viable cells were then
calculated for each treatment regimen. The experiment was
performed in triplicate for each treatment set.

Reactive oxygen species (ROS) assay

The effect of lobeglitazone on TGF-β1-induced ROS gener-
ation was determined using the DCFDA–cellular ROS detec-
tion assay kit. The cells were seeded into a dark, clear bottom
96-well microplate and allowed to adhere overnight. They
were then treated with 5 ng/mL TGF-β1, with or without
10 μM lobeglitazone pre-teatment, and incubated for 3 h, 6
h, and 12 h. The cells were then washed with 1X buffer.
Approximately 100 μL/well of diluted DCFDA solution was
added to the cells and incubated at 37 °C in the dark for 45
min. After incubation, the DCFDA solution was removed, and
100 μL/well of 1X buffer was added to the cells. The fluores-
cence was immediately measured using the DTX-800 multi-
modemicroplate reader at an excitation wavelength of 485 nm
and an emission wavelength of 535 nm.Vehicle-treated cells
were used as controls. All treatments were done in triplicates.

Statistical analysis

The data were analyzed using GraphPad Prism 5.0 software
(GraphPad Software, San Diego, CA, USA). Statistical com-
parisons were performed using a Student’s t test and one-way
analysis of variance and Tukey’s multiple comparisons test.
Significance was defined as P value < 0.05 in all cases.

Results

Lobeglitazone suppresses TGF-β1-induced
transdifferentiation of cornea fibroblasts

The antifibrotic effect of lobeglitazone in cornea fibroblasts
was assessed by investigating its effect on TGF-β1-induced
myofibroblast transdifferentiation and ECM protein synthesis.
The cells were pre-treated for 3–4 h with 5 μM and 10 μM
lobeglitazone and then with 5 ng/mL TGF-β1 and incubated

for 48 h. The protein blotting results showed that 10 μM
lobeglitazone effectively inhibited the synthesis of the
myofibroblast differentiation marker α-SMA (P value <
0.001) and the ECM protein fibronectin (P value < 0.001)
(Fig. 1A). Real-time PCR results also showed a significant
inhibition of the transcription of α-SMA (P value < 0.001),
fibronectin (P value < 0.001), and other ECM mRNAs colla-
gen 1 (P value < 0.001) and extra domain A (EDA)-fibronec-
tin (P value < 0.001) (Fig. 1B).

A comparison of the antifibrotic effect of lobeglitazone and
the structurally similar TZD rosiglitazone indicated a lower
effective antifibrotic dose for lobeglitazone than for
rosiglitazone. As shown in (Fig. 2), 10 μM lobeglitazone-
treated cells showed a much stronger inhibition of the synthe-
sis of α-SMA (P value < 0.001) and fibronectin (P value =
0.004) compared to the cells treated with only TGF-β1,
whereas the 10 μM rosiglitazone-treated cells showed no sig-
nificant inhibition ofα-SMA and fibronectin protein synthesis
compared to the cells treated with only TGF-β1.

To ascertain that the reduced protein synthesis did not re-
sult from decreased cell viability, we evaluated the cytotoxic
effect of lobeglitazone at its effective antifibrotic dose. Using
both the CCK-8 assay and the hemocytometer to count viable
cells, our results showed no cytotoxicity effect of
lobeglitazone at the effective antifibrotic dose of 10 μM, as
there was no significant difference in viability between the
vehicle-treated controls and 10 μM lobeglitazone-treated cells
(Fig. 3). Cell viability was however seen to reduce significant-
ly 24 h after treatment with 40 μM lobeglitazone.

Antifibrotic effect of lobeglitazone is independent of
PPAR signaling

We then evaluated the role of PPAR signaling in the
antifibrotic effect of lobeglitazone on the cornea fibroblasts.
First, we ascertained the activation of PPAR signaling by
lobeglitazone and the inhibition of the signaling pathway by
the PPAR-γ synthetic inhibitor GW9662 by assessing the
transcription of perilipin 2 (Plin2), which is a lipid droplet-
associated protein expressed widely in the body and known to
be transcriptionally activated by PPAR signaling [31]. Our
real-time PCR results showed that both concentrations of
lobeglitazone significantly stimulated PPAR signaling

�Fig. 1 Effect of lobeglitazone on TGF-β1-induced myofibroblast differ-
entiation. A Representative western blot and quantitative analysis show-
ing the antifibrotic effect of lobeglitazone on TGF-β1-induced expression
of α-SMA and fibronectin; (B) Quantitative analysis of real-time PCR
results showing the antifibrotic effect of lobeglitazone on TGF-β1-
induced transcription of α-SMA, fibronectin, collagen 1, and EDA-
fibronectin mRNA (###P value <0.001 compared to vehicle-treated con-
trol cells; ***P value <0.001 and **P value <0.01, compared to TGF-β1
only treated cells)
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compared with the 5 ng/mL TGF-β1-only treatment, indicat-
ed as an increase in Plin2 mRNA transcription (P value =
0.002 for 5 μM; P value < 0.001 for 10 μM). Thus, Plin2
served as a positive control to confirm lobeglitazone-induced
receptor activation. The PPAR inhibitor treatment significant-
ly inhibited PPAR signaling in the cells (P value < 0.001; Fig.
4A), resulting in decreased Plin2 mRNA transcription. After
this confirmatory experiment, the cells were pre-treated with
1 μM each of the PPAR-α synthetic inhibitor GW6741 and
the PPAR-γ synthetic inhibitor GW9662 for 3–4 h with or
without 10μM lobeglitazone treatment and thenwith 5 ng/mL
TGF-β1; these cells were then incubated for 48 h. Our results
showed that the observed antifibrotic effect was independent
of both PPAR-α and -γ signaling as treatment with the ligand
alongside the inhibitors did not attenuate the observed
antifibrotic effect (Fig. 4B).

Immunofluorescence, as well as gel contraction experi-
ments, both confirmed the antifibrotic effect of lobeglitazone
and its independence of PPAR signaling in corneal fibroblasts.
The immunofluorescence results showed an approximately
threefold increase in the expression of cytosolic α-SMA and
fibronectin in the cells treated with 5 ng/mL TGF-β1 for 72 h

compared with the vehicle-treated controls. Treatment with
10 μM lobeglitazone alone significantly inhibited the
TGF-β1-induced synthesis of these proteins, whereas co-
treatment of 10 μM lobeglitazone with 1 μM GW9662 did
not reverse this antifibrotic effect (Fig. 4C). The morpholog-
ical shift of the fibroblasts treated with only 5 ng/mL
TGF-β1from the dendritic shape/morphology of the vehicle-
treated control set to larger, flattened, and spread-out morphol-
ogy indicates myofibroblast differentiation of the fibroblasts.
The 10 μM lobeglitazone with 5 ng/mL TGF-β1-treated set
and 5 ng/mL TGF-β1 plus 10 μM lobeglitazone with 1 μM
GW9662 co-treatment set also retained the dendritic morphol-
ogy of the fibroblasts, confirming the inhibition of
myofibroblast differentiation. The collagen gel matrix con-
traction experiments also showed significant collagen

Fig. 2 Comparison of the effective antifibrotic dose of lobeglitazone and
rosiglitazone. Representative western blot images and quantitative
analysis comparing the effective antifibrotic dose of 10 μM
lobeglitazone on TGF-β1-induced expression of α-SMA and fibronectin

to that of 10 μM rosiglitazone showed no significant antifibrotic effects
with the rosiglitazone treatment (###P value <0.001, compared to vehicle-
treated control cells; ***P value <0.001, compared to TGF-β1 only treat-
ed cells)

�Fig. 3 Effect of lobeglitazone treatment on cell viability. A Analysis of
the effect of lobeglitazone on cell viability, showing no loss of cell
viability at the effective antifibrotic dose of 10 μM after 48 h of
treatment. B Dose kinetics of lobeglitazone treatment shows significant
decrease in cell viability 24 h after 40 μM (#P value <0.05 and ##P value
<0.01 compared to vehicle-treated control cells)
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contraction, which is a characteristic of activated fibroblasts
(myofibroblast), with 5 ng/mL TGF-β1 treatment by the third
day compared to that with vehicle treatment. The 10 μM
lobeglitazone with 5 ng/mL TGF-β1-treated set and the 5
ng/mL TGF-β1 plus 10 μM lobeglitazone with 1 μM
GW9662 co-treatment set did not show significant gel con-
tractions compared with the vehicle-treated control set, thus
indicating inhibition of TGF-β1-induced myofibroblast dif-
ferentiation by lobeglitazone (Fig. 4D).

Antifibrotic effect of lobeglitazone occurs via Smad
signaling

To determine the mechanisms by which lobeglitazone medi-
ates its antifibrotic effect, we investigated the canonical Smad
signaling pathway as well as the non-canonical mitogen-acti-
vated protein kinase (MAPK) pathways downstream of
TGF-β1 signaling. The cells were serum starved for 24 h
and pre-treated with 5 μM and 10 μM lobeglitazone for 3–4
h, followed by 5 ng/mL TGF-β1 treatment. The cells were
then incubated for 6 h, after which the protein was extracted
for western blotting to analyze the expression of signaling
proteins. The results showed an almost complete shutdown
of Smad signaling after 24 h of serum starvation compared
to reduced but persistent MAPK signaling (Fig. 5A). TGF-β1
treatment significantly increased the canonical Smad signal-
ing compared to the vehicle, whereas lobeglitazone treatment
reduced the TGF-β1-induced Smad signaling significantly (P
value < 0.001). Nonetheless, lobeglitazone treatment had no
significant effects on MAPK signaling. To confirm the role of
Smad signaling in TGF-β1-induced fibrogenesis in cornea
fibroblasts and to compare the effect of blocking that signaling
pathway with the results obtained from lobeglitazone treat-
ment, we treated the cells with 5 μM of the specific Smad3
inhibitor SIS3-HCl and compared the expression levels of α-
SMA and fibronectin proteins with their expression in cells
treated with 10 μM lobeglitazone. As shown in our results,
5 μM of the SIS3-HCl treatment significantly blocked the
expression of α-SMA (P value < 0.001) and fibronectin pro-
teins (P value < 0.001), as seen with lobeglitazone treatment,
thus confirming the role of Smad signaling in TGF-β1-
induced fibrogenesis in corneal fibroblasts (Fig. 5B).

Lobeglitazone suppresses TGF-β1-induced nicotin-
amide adenine dinucleotide phosphate oxidase 4
transcription and ROS production

The profibrotic responses mediated by TGF-β1-induced
Smad signaling have been linked to nicotinamide adenine
dinucleotide phosphate oxidase (Nox) 4-dependent redox sig-
naling [32]. Therefore, we also evaluated the effect of
lobeglitazone on Nox4 mRNA transcription via real-time
PCR and then on the subsequent generation of ROS by

DCFDA–cellular ROS detection assay. Our results showed a
significant increase in Nox4 mRNA transcription with 5 ng/
mL TGF-β1 treatment compared with the vehicle treated con-
trol group (P value < 0.001). However, lobeglitazone treat-
ment significantly inhibited the TGF-β1-inducedmRNA tran-
scription (P value < 0.001), further confirming the role of
Smad signaling in the antifibrotic effect of lobeglitazone
(Fig. 6A). As expected, the ROS assay also showed significant
increase in ROS generation with TGF-β1 treatment, detected
at 3 h and 6 h of incubation; this increase was effectively
blocked by 10 μM lobeglitazone treatment at both time points
(Fig. 6B). The ROS level was observed to peak at 6 h of
incubation time but reduced at 12 h of incubation time, dem-
onstrating its role in the early stages of the fibrotic response.
Confirmatory experiments with 5 μM SIS3-HCl treatment
also showed a reduction in Nox4 mRNA transcription similar
to that observed with 10 μM lobeglitazone treatment (Fig.
6C).

Discussion

PPAR-γ is a transcription factor that has long been known to
play a critical role in lipid metabolism and glucose homeosta-
sis. After ligand binding, it heterodimerizes with the retinoid
X receptor and translocates to the nucleus, where it binds to
specific regions on the DNA of target genes called PPAR-γ
response elements to regulate the transcription of multiple
genes involved in adipocyte differentiation, lipid metabolism,
and glucose homeostasis [33, 34]. Studies have also identified
PPAR-γ activation as an important antifibrotic mechanism in
cells, indicating a link between metabolism and fibrogenesis
[35]. In this regard, both the synthetic and natural ligands of
PPAR-γ have been shown to be effective in attenuating the
TGF-β1-induced fibrosis in various organs and tissues
through mechanisms that seem to be cell specific [14–22,

�Fig 4 Role of PPAR signaling in the antifibrotic action of lobeglitazone.
AQuantitative analysis of Plin2 mRNA transcription after treatment with
PPAR agonist lobeglitazone and PPAR antagonist GW9662, showing
signal activation and inhibition respectively. B Representative western
blot and quantitative analysis indicating that 10 μM lobeglitazone
treatment inhibited the TGF-β1-induced α-SMA and fibronectin expres-
sion with or without 1 μMPPAR-α inhibitor GW6741 or 1 μMPPAR-γ
inhibitor GW9662 co-treatment. C Representative immunofluorescent
images and their quantitative analysis demonstrating that 10 μM
lobeglitazone inhibited the TGF-β1-induced α-SMA (green) and fibro-
nectin (red) expression with or without inhibitor GW9662 co-treatment.
The nuclei were counterstained with DABI (blue). D Representative
collagen gel images and the quantitative analysis showing significant
inhibition of the TGF-β1-induced gel contraction by 10 μM
lobeglitazone with or without inhibitor co-treatment (###P value <0.001,
##P value <0.01, and #P value <0.05, compared to vehicle-treated control
cells; ***P value <0.001 and **P value <0.01, compared to TGF-β1 only
treated cells)
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27]. In this study, we investigated the antifibrotic effect of
lobeglitazone, the synthetic dual PPAR-α, and PPAR-γ li-
gand, on TGF-β1-induced fibrosis in corneal fibroblasts.
Our results showed that lobeglitazone is an effective
antifibrotic agent in corneal fibroblasts at a low dose of
10 μM (Figs. 1 and 3). It attenuated the TGF-β1-induced
myofibroblast differentiation of corneal fibroblasts and the
resulting synthesis of aberrant ECM proteins, thus supporting
the reported antifibrotic effect of TZDs in several tissues and
organs.

A comparison of its antifibrotic effect with that of
rosiglitazone, a structurally similar PPAR-γ ligand, at the
same concentration of 10 μM, showed a remarkable differ-
ence in the antifibrotic effect of these two TZDs.
Lobeglitazone showed a significant inhibition of
myofibroblast differentiation and ECMprotein synthesis com-
pared to rosiglitazone, which did not show any significant
antifibrotic effect at this concentration (Fig. 2). Huxlin et al.
(2013) [36] reported 25 μM to be the least effective
antifibrotic dose of rosiglitazone in cornea fibroblasts.
Lobeglitazone contains a pyrimidine moiety in the place of
the pyr id ine moie ty of ros ig l i tazone, wi th a p-
methoxyphenol functional group at the 4-position of its py-
rimidine moiety [24, 25]. Structural modifications resulting in
more potent antifibrotic effects have also been reported for
electrophilic TZDs compared to those for non-electrophilic
TZDs in corneal fibroblasts [37] and human lung fibroblasts
[38, 39], and was attributed to the possible modification of
cellular proteins by their electrophilic centers. Thus, our re-
sults, in conjunction with those of other studies, confirm the
effect of the structure of TZDs on their antifibrotic effects.

Next, we investigated the possible molecular mechanisms
underlying the observed antifibrotic effects of lobeglitazone.
PPAR-γ ligands have been shown to modulate multiple cel-
lular functions via both PPAR-γ-dependent and PPAR-γ-
independent mechanisms. We first determined if the
antifibrotic effects of lobeglitazone were dependent on its
PPAR-α and PPAR-γ signaling pathways. Our results
showed that the antifibrotic effect was independent of both
its PPAR-α and PPAR-γ receptors, as treatment with the
PPAR-γ receptor antagonist GW9662 and PPAR-α receptor
antagonist GW6741 did not reverse the observed antifibrotic
effects (Fig. 4). This finding is consistent with the previous
findings for other TZDs in corneal fibroblasts [17, 27, 36] as
well as other tissues and organs [16, 19]. Ferguson et al.
(2009) [38] hypothesized that the PPAR-γ-independent
antifibrotic effect is much stronger than the PPAR-γ-
dependent effect. Thus, compounds that exert their antifibrotic
effects independent of PPAR-γ signaling inhibit TGF-β-
induced myofibroblast differentiation more potently at lower
doses, and are more likely to have greater therapeutic potential
as antifibrotic agents than those having PPAR-γ-dependent
effects.

We then investigated the signaling pathways downstream
of TGF-β1 signaling. TGF-β1transduces signals through the
canonical Smad signaling pathway as well as through non-
canonical/non-Smad signaling pathways, such as the MAPK
signaling pathways. Our results showed that lobeglitazone
modulated the canonical Smad signaling pathway to elicit its
antifibrotic response in corneal fibroblasts, whereas no such
effect was observed with MAPK signaling (Fig. 5). TGF-β1
activates TGF-β receptor I kinase, causing the phosphoryla-
tion of the receptor-regulated Smad (R-Smad) proteins Smad2
and Smad3. These activated R-Smad proteins then complex
with a common mediator Smad4 and translocate to the nucle-
us to regulate the transcription of target genes [40]. A study in
unilateral ureteral obstruction-induced renal fibrosis in mice
also indicated that the antifibrotic effect of lobeglitazone oc-
curred via TGF-β1/Smad signal modulation [41], thus
supporting our findings.

The profibrotic responses mediated by TGF-β1-induced
Smad signaling have been linked to Nox-dependent redox
signaling through different mechanisms [32]. In particular,
Nox4, which is constitutively expressed in many cell types
including fibroblasts, has been found to be the most important
downstream effector mediating this TGF-β1-induced fibrosis
[32, 42–44]. Its role in TGF-β1-induced fibrotic response in
ocular wound healing has also been established [45–47]. The
resultant ROS generated in turn activates latent TGF-β1 and
induces TGF-β1 gene expression, leading to an increase in
TGF-β1 activity [32]. ROS is also known to mediate many
of the profibrogenic effects of TGF-β1, such as the promotion
of myofibroblast differentiation and epithelial–mesenchymal
transition, and the suppression of ECM degradation [32, 42].
We therefore evaluated the effect of lobeglitazone on Nox4
expression. Our results showed a marked inhibition of Nox4
transcription with lobeglitazone treatment, confirming the role
of lobeglitazone in inhibiting Smad signaling as well as the
pivotal role of Nox4 in the profibrotic responses mediated by
TGF-β1/Smad signaling. As expected, TGF-β1-induced
ROS generation also decreased significantly with
lobeglitazone treatment. Smad inhibitor treatment validated
our results by showing decreased Nox4 transcription (Fig.
6). The mechanism underlying lobeglitazone’s inhibition of
Smad phosphorylation however remains unclear. As reviewed
by Gong and Yang [48], studies have shown that the TGF-β1/

�Fig. 5 Effect of lobeglitazone on Smad and MAPK signaling pathways
downstream of TGF-β1 signaling. A Representative western blot images
and quantitative analyses of MAPK and Smad signaling pathways down-
stream of TGF-β1 signaling, demonstrating an inhibition of Smad sig-
naling by lobeglitazone while having no such effect on MAPK signaling.
B Treatment with 5 μM of the Smad3 inhibitor SIS3 showed decreased
expression levels of α-SMA and fibronectin proteins, similar to that seen
with 10 μM lobeglitazone treatment (###P value <0.001, ##P value <0.01,
and #P value <0.05, compared to vehicle-treated control cells; ***P value
<0.001, compared to only TGF-β1-treated cells)
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Smad-induced fibrotic responses are downregulated by ROS
scavenging. In line with this, it has also been reported that
antioxidants—reduced glutathione, N-acetyl cysteine, and L-
cysteine—are capable of blocking TGF-β-stimulated Smad2
phosphorylation [49]. The TZD troglitazone, with structural
similarities to α-tocopherol—a known antioxidant—showed
ROS scavenging abilities in an in vivo studies. However, in
the same study, another TZD pioglitazone with structural sim-
ilarities to both lobeglitazone and rosiglitazone did not exhibit
any such ROS scavenging effect [50]. This again showing the
different mechanisms of action of these TZDs as being direct-
ly related to their structures, and thus also suggesting that
lobeglitazone may not have an ROS scavenging effect. A
study in non-alcoholic fatty liver disease (NAFLD) showed
that lobeglitazone ameliorated oxidative stress-mediated liver
injury by inhibiting ROS generation [51] supporting our find-
ings. Further studies are thus needed to elucidate the exact
mechanism of Smad signal inhibition.

Lobeglitazone has a more favorable safety profile in
humans than other TZDs in the management of diabetes.
Research findings indicate that the structural modifications
in lobeglitazone aid in exerting a more potent antidiabetic
effect at a significantly lower dosage due to its stronger bind-
ing affinity for the PPAR-γ receptor than other TZDs [24, 25,
52]. This low effective dose of lobeglitazone results in a sig-
nificant decrease in the adverse effects caused by chemical
toxicity and off-target effects associated with high drug dose
[27, 53–55]. Notably, our results showed a potent low effec-
tive antifibrotic dose compared with rosiglitazone. Since its
antifibrotic effect is independent of PPAR-γ receptor signal-
ing, we hypothesize this potent low effective antifibrotic dose
may be due to its modulation of TGF-β1/Smad signaling—
the canonical pathway of the profibrotic effects of TGF-β1
[40, 56]. Furthermore, our lab and others have shown that
rosiglitazone elicits its antifibrotic response in corneal fibro-
blasts by inhibiting the TGF-β1-induced non-canonical p38

Fig. 6 Effect of lobeglitazone on TGF-β1-induced Nox 4 transcription
and ROS production. A Quantitative analysis of Nox4 mRNA transcrip-
tion, indicating that lobeglitazone treatment modulated TGF-β1-induced
transcription. B Quantitative analysis of ROS generation after 5 ng/mL
TGF-β1 treatment shows a significant increase at 3 h of incubation,
peaked at 6 h, and then reduced at 12 h. Treatment with 10 μM
lobeglitazone significantly blocked TGF-β1-induced ROS generation.

C Quantitative analysis of Nox4 mRNA transcription with 5 μM SIS3-
HCl (Smad3 inhibitor) treatment showed decreased transcription as seen
with 10 μM lobeglitazone treatment (###P value <0.001, ##P value <0.01,
and #P value <0.05, compared to vehicle-treated control cells; ***P value
<0.001, **P value <0.01, and *P value <0.05, compared to TGF-β1 only
treated cells)
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MAPK signaling pathway [17, 27], thus highlighting the dif-
ferent mechanisms of action of these two TZDs.

In summary, our results demonstrated that lobeglitazone
exerts extremely potent antifibrotic effects in corneal fibro-
blasts through the inhibition of TGF-β1/Smad signaling.
Thus, lobeglitazone appears to be a promising therapeutic
agent for corneal scarring.
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