
Glaucoma is a leading cause of irreversible blindness 
[1]. In 2010, the World Health Organization estimated that 
285 million people in the world were visually impaired; 
in 22.8 million (8%) of these people, the impairment was 
caused by glaucoma [2]. The vision loss caused by glaucoma 
is mainly attributed to damage at the optic nerve head (ONH) 
as a result of elevated intraocular pressure (IOP) [3,4]. At 
present, glaucoma filtration surgery is the most effective 
approach to consistently achieving a desirable low IOP, and 
trabeculectomy is considered the mainstay of treatment [5]. 
However, a major issue with this surgery is subconjunctival 
fibrosis, which is robustly associated with surgical failure [5]. 
To achieve a better operative success rate, several antimi-
totic agents, such as mitomycin C (MMC) and 5-fluorouracil 
(5-FU), have been applied postoperatively [6]. However, a 
significant failure rate persists and is associated with sight-
threatening infections [6]. Thus, an alternative antifibrotic 
agent is urgently needed.

Subconjunctival fibrosis is mediated by the activities of 
human Tenon’s fibroblasts (HTFs), which initiate myofibro-
blast differentiation upon stimulation by many fibrogenic 
factors. Activated HTFs can produce extracellular matrix 
(ECM) proteins, such as type I, III, V, and VI collagens, 
all of which are major components of fibrotic tissue [7]. 
Furthermore, HTFs turn into myofibroblasts with contractile 
properties leading to ECM shrinkage, which contributes 
to scar formation. Transforming growth factor β1 (TGF-β) 
family members, especially TGF-β1, are regarded as the 
prominent stimuli of HTF activation [8]. Through binding to 
its heterodimer receptors (TβR I, TβR II), TGF-β1 triggers 
phosphorylation of the downstream signal proteins Smad2/3, 
which in turn form a complex with Smad4, thereby translo-
cating to the nucleus and regulating target gene transcription 
[8]. In addition to the abovementioned classical signaling 
cascade, recent studies have identified a nonclassical signaling 
pathway in which TGF-β1 triggers mitogen-activated protein 
kinase (MAPK) signal cascade activation [9].

Nintedanib is an intracellular multitarget inhibitor of 
tyrosine kinases, including the platelet-derived growth factor 
receptors (PDGFRs), vascular endothelial growth factor 
receptors (VEGFRs), and fibroblast growth factor receptors 
(FGFRs), and it is approved for the treatment of idiopathic 
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pulmonary fibrosis (IPF) [10,11]. It has shown consistent anti-
fibrotic and anti-inflammatory activities in animal models 
of lung fibrosis [12] and interference with central processes 
in fibrosis, such as fibroblast proliferation, migration, and 
differentiation and ECM protein secretion [11]. These remark-
able antifibrotic effects of nintedanib in other tissues have 
prompted us to hypothesize that it may present similar func-
tions in subconjunctival fibrosis.

In this manuscript, we aimed to test whether nintedanib 
can prevent the HTF activation induced by TGF-β1. We found 
that nintedanib offers an antifibrotic effect by counteracting 
TGF-β1-stimulated HTF myofibroblast transdifferentia-
tion. Furthermore, we revealed that this inhibitory effect of 
nintedanib acts through suppression of TGF-β/Smad2/3, 
p38MAPK, and ERK1/2 activation.

METHODS

Cell culture: Samples of human Tenon’s capsules were 
obtained anonymously from tissue explants taken during 
strabismus or glaucoma filtering surgery at the Zhongshan 
Ophthalmic Center, Sun Yat-sen University, with the approval 
of the ethics committee of the Zhongshan Ophthalmic 
Center and in accordance with the Declaration of Helsinki. 
The tissues were cut into approximately 2-mm pieces under 
sterile conditions. Then, the samples were seeded in 60-mm 
culture dishes and maintained in Dulbecco’s modified Eagle’s 
medium/nutrient mixture F-12 (DMEM/F12, Invitrogen-
Gibco, Karlsruhe, Germany) supplemented with 10% fetal 
bovine serum (FBS, Invitrogen, Auckland, NZ), 100 U/ml 
penicillin, and 100 μg/ml streptomycin (Invitrogen) in a 5% 
CO2 humidified atmosphere at 37 °C. Approximately 8 days 
after seeding, primary cultures were passaged at 60% conflu-
ence with 0.25% trypsin-EDTA (Invitrogen) into 100-mm 
culture dishes. For subsequent passaging, cells were dissoci-
ated using 0.25% trypsin-EDTA (Invitrogen) at 90% conflu-
ence and replanted at 1:2 or 1:3 dilutions at a concentration 
of 1×106 cells per 100-mm plate. HTFs from passages 3 to 6 
were used in the experiments. Cells were characterized by 
immunostaining for fibroblast markers, vimentin (Abcam, 
Cambridge, UK) and cytokeratin (Abcam).

CCK8 cell viability assay: HTFs were seeded in 96-well plates 
(1×104 cells/well) and incubated overnight in 100 μl complete 
culture media. Then, the cells were washed to remove serum 
and replaced with serum-free culture media overnight for 
starvation, followed by the addition of 5 ng/ml TGF-β1, a 
mixture of SB203580 and TGF-β1, or a mixture of nintedanib 
and TGF-β1 for 24 h. Then, 10 µl CCK-8 reagent was added 
to each well and incubated at 37 °C for an additional 4 h. 

The absorbance at 450 nm was measured using a microplate 
reader (Bio-Rad, Munich, Germany).

BrdU cell proliferation assay: Cells were seeded (5000 
cells/well) in 96-well culture plates. After serum starvation 
overnight, the cells were treated with TGF-β1 (5 ng/ml) in 
the presence or absence of nintedanib (1 μM) for 24 h. Cell 
proliferation was detected using a 5-Bromo-2-deoxyUridine 
(BrdU) cell proliferation kit (ab126556, Abcam) according to 
the manufacturer’s instructions. Briefly, 20 μl of BrdU was 
added at 37 °C and incubated for 12 h, followed by fixing with 
fixing solution (3.7% formaldehyde in PBS-1X; Potassium 
Phosphate monobasic-KH2PO4; 1 mM, Sodium Chloride-
NaCl; 155 mM, Sodium Phosphate dibasic-Na2HPO4-7H2O; 
3 mM, pH 7.4) at room temperature for 30 min. After washing 
with PBS, anti-BrdU monoclonal antibody (100 µl/well) was 
added and incubated for 1 h. Then, the cells were washed 
with PBS, and peroxidase-conjugated goat anti-mouse 
immunoglobulin G (IgG) antibody (1:2,000) was added and 
incubated for 30 min. Subsequently, the cells were washed 
with PBS and incubated with 3,3',5,5'-Tetramethylbenzidine 
(TMB) peroxidase substrate for 30 min at room temperature 
in the dark. Finally, 100 µl of stop solution was added, and the 
absorbance at 450 nm was measured by a microplate reader 
(Bio-Rad, Munich, Germany).

Cell migration assay: Cells were seeded in six-well plates and 
allowed to grow to confluence. The cells were starved over-
night by removing serum, and a vertical wound was created 
using a 200 μl pipette tip. The cells were then washed three 
times with PBS and replaced with fresh DMEM/F12 medium 
containing the indicated agents. After treatment for 12 h, the 
migration distance was measured in six random fields under 
phase-contrast microscopy.

Fibroblast-mediated collagen contraction assay: The effects 
of nintedanib on HTF contractility were assessed using 
Cell Biolabs’ (San Diego, CA) collagen contraction assay 
kit. Briefly, a total of 5×105 HTFs and 500 μl of collagen 
preparation were added to each well in a 24-well plate. 
After collagen gel polymerization, nintedanib was added 1 
h before application of TGF-β1 (5 ng/ml). After mixing, the 
gels were detached from the well and photographed at 24 h. 
The contraction was measured by analyzing gel size using 
NIH ImageJ software version 1.47.

Western blot assay: The cells were incubated in ice-cold 
RIPA Lysis Buffer (50 mM Tris-HCl, pH 7.4, 5 mM EDTA, 
150 mM NaCl, 1% NP-40, 1% protease inhibitor cocktail, and 
1% phosphatase inhibitor cocktail; Beyotime Biotechnology, 
Nanjing, China) on ice for 10 min, the lysates were centri-
fuged at 10,000 ×g, and the supernatants were collected and 
frozen at −80 °C. Protein concentrations were determined 
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with the Micro BCA protein assay kit (Thermo Scientific, 
Waltham, MA) according to the manufacturer’s instructions. 
Protein samples were separated on sodium dodecyl sulfate–
polyacrylamide gel electrophoresis (SDS–PAGE) gels and 
transferred to polyvinylidene fluoride (PVDF) membranes 
(Thermo Scientific), which were then probed overnight with 
primary antibodies against human α smooth muscle actin 
(α-SMA; ab5694, 1:1,000, Abcam, Cambridge, UK), TGF-β1 
(sc-130348, 1:1,000, Santa Cruz Biotechnology, Dallas, TX), 
Smad2 (#5339, 1:1,000, Cell Signaling Technology, Danvers, 
MA), Smad3 (#9523, 1:1,000, Cell Signaling Technology), 
phospho-Smad2/3 (#8828, 1:1,000, Cell Signaling Tech-
nology), p38MAPK (#8690, 1:1,000, Cell Signaling Tech-
nology), phospho-p38MAPK (#4511, 1:1,000, Cell Signaling 
Technology), ERK1/2 (#4695, 1:1,000, Cell Signaling Tech-
nology), phospho-ERK1/2 (#4370, 1:1,000, Cell Signaling 
Technology), Snail (#3879, 1:1,000, Cell Signaling Tech-
nology), and glyceraldehyde-3-phosphate dehydrogenase 
(GAPDH; ab9485, 1:1,000, Abcam), followed by incubating 
with horseradish peroxidase–conjugated secondary anti-
bodies (sc-2375, 1:2,000, Santa Cruz Biotechnology) for 1 
h at room temperature. Labeled proteins were detected by 
enhanced chemiluminescence.

Quantitative real-time PCR: Total RNA was harvested using 
RNeasy spin columns (Qiagen, West Sussex, UK) according 
to the manufacturer’s instructions. cDNA was synthesized by 
reverse transcriptase from total RNA with PrimeScript RT 
Master Mix (Takara Biotechnology Co., Ltd., Dalian, China). 
The expression of specific mRNAs was determined with a 
LightCycler (Roche) using the SYBR Green PCR Master 
Mix (Roche). The sequences of the PCR primers used in the 
experiment are as follows: GAPDH, forward 5′-GGA GCG 
AGA TCC CTC CAA AAT-3′ and reverse 5′-GGC TGT TGT 
CAT ACT TCT CAT GG-3′; α-SMA, forward 5′-AAA AGA 
CAG CTA CGT GGG TG-3′ and reverse 5′-GCC ATG TTC 
TAT CGG GTA CTT C-3′; TGF-β1, forward 5′-GGC CAG 
ATC CTG TCC AAG C-3′ and reverse 5′-GTG GGT TTC 
CAC CAT TAG CAC-3′; Snail, forward 5′-TCG GAA GCC 
TAA CTA CAG CGA-3′ and reverse 5′-AGA TGA GCA TTG 
GCA GCG AG-3′.

Immunofluorescence staining: The cells were fixed with 4% 
paraformaldehyde for 15 min, permeated with 0.1% Triton 
X-100 for 10 min, and then blocked with 3% bovine serum 
albumin (BSA; Sigma-Aldrich, Dorset, UK) for 1 h. Following 
this, the cells were incubated with primary antibodies against 
α-SMA (ab5694, 1:200, Abcam), vimentin (ab92547, 1:200, 
Abcam), p-Smad2/3 (ab63399, 1:200, Abcam), or cytokeratin 
(#5741, 1:200, Cell Signaling Technology) at 4 °C overnight 
and then exposed to Alexa Fluor® 488-conjugated green 

fluorescence secondary antibodies (ab150077, 1:500, Abcam) 
or Alexa Fluor® 555-conjugated red fluorescence secondary 
antibodies (ab150158, 1:500, Abcam) for 1 h at room tempera-
ture. 4’,6-Diamidino-2-phenylindole (DAPI) was used for 
cell nuclei detection. Images were captured under a Leica 
fluorescence microscope.

Statistical analysis: All experiments were repeated at least 
three times. Values are expressed as mean ± standard devia-
tion (SD). GraphPad Prism 5.0 software (GraphPad Software, 
San Diego, CA) was used for statistical analysis. Comparisons 
among multiple groups involved one-way analysis of vari-
ance (ANOVA) with post hoc intergroup comparison with the 
Tukey test. Statistical significance was set at p<0.05.

RESULTS

Culture and identification of HTFs: Before performing the 
subsequent experiments, we first characterized primary 
cultured HTFs isolated from tissue samples from strabismus 
or glaucoma filtering surgery. The cells were grown in mono-
layers and exhibited a spindly, generally flat, elongated shape 
under the microscope (Figure 1). Furthermore, we performed 
immunostaining for vimentin, a specific fibroblast marker, 
and cytokeratin, a marker for epithelial cells, in HTFs. As 
a positive control, we also performed immunostaining for 
cytokeratin in lens epithelial cells. As shown in Figure 1C, 
the cultured lens epithelial cells were positive for cytokeratin, 
indicating that the antibody for cytokeratin was effective. The 
cultured HTFs were positive for vimentin and negative for 
cytokeratin (Figure 1A,B). These results suggested that the 
isolated HTFs are of high purity and suitable for subsequent 
study.

Nintedanib suppresses TGF-β1-induced HTF prolifera-
tion and migration: To determine whether nintedanib can 
suppress HTF proliferation induced by TGF-β1, we treated 
HTFs with TGF-β1 (5 ng/ml) in the presence or absence of 
different concentrations of nintedanib (0.1, 0.5, and 1 μM) 
for 24 h. Cell proliferation was evaluated via the CCK-8 
assay. Previous studies demonstrated that the concentration 
of TGF-β1 used to stimulate fibroblasts ranged between 1 
and 5 ng/ml [13–15], and our previous data indicate that 
treatment with 5 ng/ml of TGF-β presented the maximal 
activation of HTFs (data not shown). Thus, we chose to use 5 
ng/ml of TGF-β in our experiment. The results showed that, 
while TGF-β1 significantly increased the proliferation of 
HTFs after 24 h (p<0.0001; Figure 2A), pretreatment with 
nintedanib largely attenuated this effect in a dose-dependent 
manner (p<0.05; Figure 2A). To further confirm the effect of 
nintedanib on proliferation, we also performed a BrdU cell 
proliferation assay, which was consistent with the CCK-8 
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assay (Figure 2B). Next, we performed wound-healing assays 
to determine the effect of nintedanib on HTF migration. As 
shown in Figure 2C, wound closure was significantly acceler-
ated by TGF-β1 treatment compared with the vehicle control 
(migration distance 40.97% ± 1.24% versus 58.72% ± 1.38% 
vehicle control, p<0.05; Figure 2C). This effect was abrogated 
by pretreatment with nintedanib (migration distance 90.44% 
± 7.36% versus 58.72% ± 1.38% TGF-1β, p<0.05; Figure 2C). 
These data indicated that nintedanib could potently suppress 
HTF proliferation and migration induced by TGF-β1.

Nintedanib prevents the HTF transdifferentiation into myofi-
broblasts by TGF-β1: As mentioned above, the contraction of 
the ECM mediated by myofibroblasts greatly contributes to 
scar formation. To determine whether nintedanib can inhibit 
myofibroblast contraction induced by TGF-β1, we treated 
HTFs with TGF-β1 (5 ng/ml) in the presence or absence of 
nintedanib (1 μM). The collagen contraction response was 
evaluated by a three-dimensional (3D) collagen contraction 
assay. The results demonstrated that TGF-β1 significantly 

enhanced collagen matrix contraction compared with the 
vehicle control (p<0.001, Figure 3A), and this effect was 
significantly inhibited by preincubation with nintedanib 
(p<0.05, Figure 3A). The conversion of fibroblasts into 
myofibroblasts is a hallmark of fibroblast activation. At the 
molecular level, this process is characterized by α-SMA 
upregulation. To address whether this process can be impeded 
by nintedanib, we treated HTFs with TGF-β1 (5 ng/ml) in the 
presence or absence of nintedanib (1 μM); we then performed 
RT-qPCR and western blot experiments to detect the mRNA 
and protein levels of α-SMA, respectively. As shown in 
Figure 3B,C, while treatment with TGF-β1 upregulated 
α-SMA mRNA and protein expression, as expected, prein-
cubation with nintedanib substantially alleviated the effect of 
TGF-β1 (p<0.0001). Because a previous study reported that 
p38MAPK plays a crucial role in HTF transdifferentiation 
[15], we treated cells with a p38MAPK specific inhibitor, 
SB203580, and tested its efficacy in our model. Our results 
showed that inhibition of p38MAPK significantly attenuated 
HTF activation, which is in line with the previous study, and 

Figure 1. Characterization of human Tenon’s fibroblasts (HTFs). A: HTFs were identified by immunostaining with fibroblast markers, 
vimentin (green), and nuclei (blue) were labeled with 4’,6-diamidino-2-phenylindole (DAPI). Scale bar = 100 μm. B: HTFs were immunos-
tained with the epithelial cell marker, cytokeratin, and nuclei (blue) were labeled with DAPI. Scale bar = 100 μm. C: Lens epithelial cells 
were immunostained with the epithelial cell marker, cytokeratin, and nuclei (blue) were labeled with DAPI. Scale bar = 100 μm.
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Figure 2. Nintedanib inhibits human Tenon’s fibroblast (HTF) proliferation and motility induced by transforming growth factor β1 (TGF-
β1). A: HTFs were treated with TGF-β1 (5 ng/ml) in the presence or absence of different concentrations of nintedanib (0.1 μM, 0.5 μM, 
1 μM) for 24 h. Cell proliferation was determined by cell counting kit-8 (CCK-8) assay. B: HTFs were treated with TGF-β1 (5 ng/ml) in 
the presence or absence of different concentrations of nintedanib (0.1 μM, 0.5 μM, 1 μM) for 24 h. Cell proliferation was determined by a 
5-Bromo-2-deoxyUridine (BrdU) incorporation assay. C: HTFs were stimulated with TGF-β1 (5 ng/ml) for 24 h in the presence or absence 
of nintedanib (1 μM). Cell migration was evaluated by wound healing assay. Data are presented as the means ± standard deviations (SDs; 
n = 3) of independent repeated experiments (* p<0.01; ** p<0.01; *** p<0.001; **** p<0.0001 compared with control or TGF-β1 group).
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this effect was comparable to the nintedanib treatment effects 
(Figure 3B,C). To confirm the effect of nintedanib on α-SMA 
expression, we performed immunofluorescence staining of 
α-SMA after treatment with nintedanib or SB203580 and 
obtained a similar result (Figure 4A). Snail is a transcrip-
tion factor that plays a critical role in the epithelial–mesen-
chymal transition (EMT) and the switching of fibroblasts 
into myofibroblasts. To further verify the inhibitory effect 
of nintedanib on HTFs transdifferentiation, we evaluated 
the effect of nintedanib or SB203580 on Snail expression. 
The results showed that HTF cells treated with TGF-β1 (5 
ng/ml) for 24 h exhibited markedly increased expression of 
Snail (Figure 4E,F) and nintedanib or SB203580 preincuba-
tion largely reduced the mRNA and protein expression of 
Snail induced by TGF-β1(Figure 4E,F). It is noteworthy that 
the inhibitory effect did not show a significant difference 
between the nintedanib and SB203580 groups. These results 
strongly indicated that nintedanib could potently inhibit the 
conversion of HTFs into myofibroblasts.

Nintedanib alleviates the TGF-β1-stimulated phosphoryla-
tion of Smad2/3, p38MAPK, and ERK1/2 in HTFs: TGF-β1 
has been reported to exert biological functions via activation 
of the Smad2/3 and MAPK signaling pathways. To reveal 
the molecular mechanisms underlying the inhibitory effects 
of nintedanib in our experiments, we sought to determine 
whether nintedanib can inhibit the activation of these 
signaling cascades by TGF-β1. The results showed that, 
while treatment with TGF-β1 (5 ng/ml) alone resulted in a 
significant increase in Smad2/3, p38MAPK, and ERK1/2 
phosphorylation, as expected, these effects were significantly 
alleviated by preincubation with nintedanib or SB203580 
(Figure 5A,B). Importantly, we observed that the reduced 
phosphorylation of Smad2/3 was accompanied by reduced 
translocation of Smad2/3 into the nucleus (Appendix 1), 
further supporting the functional blockade of TGF-β1 
signaling by nintedanib. As we measured the molecular acti-
vation of this signaling at a later time point (24 h), an indirect 
activation of these signaling molecules by TGF-β1 cannot be 
ruled out, such as via transactivation of PDGFR or FGFR, 
which has been reported in other studies [16,17]. To address 
this, we further determined whether TGF-β1 can rapidly 
activate these signaling molecules. As shown in Appendix 
2, treatment with TGF-β for 10 min can stimulate Smad, 
p38 and ERK1/2 phosphorylation, which are all blocked by 
nintedanib. These results supported the notion that these 
signaling molecules are directly activated by TGF-β and can 
be inhibited by nintedanib at an early timepoint. Intriguingly, 
TGF-β1 also enhanced TGF-β1 mRNA and protein expres-
sion, suggesting that TGF-β1 induced a positive feedback 
circuit in HTFs. Accordingly, this effect can be largely 

attenuated by nintedanib or SB203580 (Figure 5A,B). Taken 
together, these data suggested that nintedanib prevented HTF 
activation through suppression of the Smad2/3, p38MAPK, 
and ERK1/2 signaling pathways.

DISCUSSION

Subconjunctival fibrosis is the major reason for the primary 
failure of glaucoma filtering surgery. Despite the application 
of anti-mitotic agents, such as MMC and 5-FU, which have 
postoperatively largely prolonged the longevity of the bleb 
[18], these therapeutic strategies are closely associated with 
serious postoperative complications, including bleb leakage, 
hypotony maculopathy, and endophthalmitis [19]. We are 
the first to show that nintedanib, an intracellular inhibitor 
of tyrosine kinase receptors, may serve as a potential thera-
peutic agent for subconjunctival fibrosis.

We employed primary cultured HTFs isolated from 
tissue explants taken during strabismus or glaucoma filtering 
surgery as our in vitro cell model. The present study provides 
evidence that nintedanib exhibits a potent antifibrotic effect 
in HTFs through inhibition of cell proliferation and migra-
tion, myofibroblast differentiation, and 3D collagen gel 
contraction, all of which are fundamental events during 
fibrosis and scar formation. We discovered that the under-
lying mechanisms of these effects are that nintedanib targets 
not only the classic Smad2/3 signaling cascade but also the 
newly identified nonclassic p38MAPK and ERK1/2 pathways 
of TGF-β1 in HTFs.

Nintedanib is a well-known broad-spectrum tyrosine 
kinase inhibitor that targets multiple receptor kinases, such as 
PDGFR, VEGFR, FGFR, and Src family kinases, in a variety 
of tissue cells [20-22]. At present, nintedanib is widely used 
for the treatment of IPF [23]. Information from two repeated 
Phase III clinical trials on IPF demonstrated that patients 
receiving nintedanib treatment showed successfully reduced 
disease progression and annual rates of decline in forced vital 
capacity relative to their placebo counterparts [10]. In addi-
tion to IPF, recent studies have suggested that nintedanib can 
be used to target tumor growth, metastasis and angiogenesis 
in non–small cell lung cancer (NSCLC) and colorectal cancer 
[24]. The wide application of nintedanib in disease treatments 
is not surprising because its targets are involved in numerous 
critical cellular functions. Considering that the targets of 
nintedanib, such as PDGFR and FGFR, are also involved in 
the pathogenesis of intraocular fibrosis [25], these findings 
in the abovementioned diseases may have direct implica-
tions for subconjunctival fibrosis. Indeed, the present study 
provides new evidence that nintedanib has the potential to 
exhibit important antifibrotic effects in HTFs, suggesting that 
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Figure 3. Nintedanib inhibits three-dimensional (3D) collagen gel contraction and α smooth muscle actin (α-SMA) expression induced 
by transforming growth factor β1 (TGF-β1). A: Human Tenon’s fibroblasts (HTFs) were treated with TGF-β1 (5 ng/ml) in the presence or 
absence of nintedanib (1 μM) for 24 h. The gel contraction was detected by a three-dimensional (3D) collagen lattice contraction experiment. 
B,C: HTFs were treated with TGF-β1 (5 ng/ml) in the presence or absence of SB203580 or nintedanib (1 μM) for 24 h. The mRNA (B) and 
protein (C) expression of α-SMA were analyzed by quantitative reverse transcription polymerase chain reaction (RT-PCR) and western 
blot, respectively, and normalized to glyceraldehyde-3-phosphate dehydrogenase (GAPDH) expression. Data are presented as the means ± 
standard deviations (SDs; n = 3) of independent repeated experiments (* p<0.01; *** p<0.001; **** p<0.0001 compared with the control 
or TGF-β1 group).
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Figure 4. Nintedanib inhibits the expression of α smooth muscle actin (α-SMA) and Snail induced by transforming growth factor β1 (TGF-β1). 
A: The cells were treated with TGF-β1 (5 ng/ml) in the presence or absence of SB203580 or nintedanib (1 μM) for 24 h and then stained 
with anti-α-SMA linked to fluorescein isothiocyanate (FITC) and 4’,6-diamidino-2-phenylindole (DAPI; nuclei). Immunofluorescence was 
detected by confocal microscopy. Scale bar = 200 μm. B,C: Human Tenon’s fibroblasts (HTFs) were treated with TGF-β1 (5 ng/ml) in the 
presence or absence of SB203580 or nintedanib (1 μM) for 24 h. The mRNA (B) and protein (C) expressions of Snail were analyzed by 
quantitative reverse transcription polymerase chain reaction (RT-PCR) and western blot, respectively, and normalized to GAPDH expression. 
Data are presented as the means ± standard deviations (SDs; n = 3) of independent repeated experiments (* p<0.01;** p<0.01;*** p<0.001; 
**** p<0.0001 compared with the control or TGF-β1 group).
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Figure 5. Nintedanib suppresses Smad2/3, p38MAPK, and ERK1/2 activation induced by transforming growth factor β1 (TGF-β1) at later 
timepoints. Human Tenon’s fibroblasts (HTFs) were treated with TGF-β1 (5 ng/ml) in the presence or absence of SB203580 or nintedanib 
(1 μM) for 24 h. TGF-β1 and p-Smad2/3 (A), p-p38MAPK and p-ERK1/2 (B) mRNA and protein expression were analyzed by quantitative 
reverse transcription polymerase chain reaction (RT-PCR) and western blot, respectively, and normalized to total Smad2/3, ERK1/2, or 
GAPDH. Data are presented as the means ± standard deviations (SDs; n = 3) of independent repeated experiments (* p<0.01;**** p<0.0001 
compared with the control or TGF-β1 group).
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it may be exploited as an alternative agent for the treatment of 
intraocular fibrosis. Our results offer an experimental basis 
for further clinical trials with nintedanib in subconjunctival 
fibrosis. Because of the broad spectrum of nintedanib targets, 
there are concerns about the safety and tolerability of this 
drug in ocular applications. However, recent evidence from 
clinical trials of IPF have suggested that oral administration 
of 150 mg of nintedanib twice daily is well tolerated, with 
the most frequent adverse side effect being diarrhea, which 
resulted in less than 5% of patients terminating the use of the 
study medication [10]. Nevertheless, further investigations 
are warranted for its ocular application.

The traditional signaling pathway of TGF-β1 is through 
Smad2/3 regulation of target gene transcription [26]. In addi-
tion to the canonical pathway, there is increasing evidence 
suggesting that TGF-β can also stimulate the activation of 
MAPK signaling cascades, such as p38MAPK, ERK1/2, 
and c-Jun-N-terminal kinase (JNK) [9,27]. Recent studies 
have demonstrated that both canonical and noncanonical 
signaling kinases are involved in multiple cellular processes 
induced by TGF-β, such as cell proliferation, migration, 
and transdifferentiation in fibroblasts and other cell types 
[15,28–30]. It is worth noting that there are complex interac-
tions between the two signaling pathways. They may func-
tion cooperatively or counteract each other, depending on 
the specific cellular context. For example, ERK1/2 and stress 
activate protein kinase (SAPK)/JNK activation can inhibit or 
enhance Smad2 phosphorylation, nuclear translocation, and 
transcriptional activity in different cellular contexts [31,32]. 
Furthermore, TGF-β-induced activation of ERK1/2 signaling 
can induce TGF-β expression, thereby amplifying the TGF-β 
response [33]. Thus, it is suggested that the balance between 
direct activation of the two pathways often defines cellular 
responses to TGF-β [9]. In an effort to uncover the molecular 
mechanisms that underlie the inhibitory effects of nintedanib 
in our study, we examined the activation status of classic and 
nonclassic signaling pathways of TFG-β1 after treatment 
with nintedanib. We observed that TGF-β1 triggers Smad2/3, 
p38MAPK, and ERK1/2 phosphorylation, and inhibition of 
p38MAPK with SB203580 leads to HTF inactivation, in line 
with the previous study. Moreover, treatment with nintedanib 
prevented Smad2/3, p38MAPK, and ERK1/2 phosphoryla-
tion in HTFs, suggesting that nintedanib acts through both 
classic and nonclassic signaling pathways of TFG-β1 to 
inhibit HTF activation. Notably, the effect of nintedanib is 
comparable with that of SB203580, indicating that suppres-
sion of all three signaling pathways has no additive effect. 
Furthermore, preincubation with SB203580 significantly 
attenuated TGF-β-induced Smad2/3 and ERK1/2 activation. 

We hypothesize that p38MAPK may function as the upstream 
signal kinase of Smad2/3 and ERK1/2 in HTFs. Thus, inhibi-
tion of p38MAPK is sufficient for producing an effect similar 
to that of all other signals.

In summary, we demonstrated that nintedanib effectively 
prevents HTF myofibroblast differentiation by TGF-β1. Our 
study suggests that nintedanib may be used as a poten-
tial intervention agent for fibrosis at the filtering bleb of 
trabeculectomy.

APPENDIX 1.

Nintedanib prevents p-Smad2/3 translocation to the nucleus 
induced by TGF-β1. HTFs were treated with TGF-β1 (5 ng/ml) 
in the presence or absence of nintedanib (1 μM) for 30 min, 
and immunofluorescence was performed to detect the cellular 
location of p-Smad2/3 (green). The nuclei were stained with 
DAPI (blue). Data are presented as the means ± SD (n=3) 
of independently repeated experiments. (**** p<0.0001 
compared to control or TGF-β1 group). Scale bar=100 μm. 
To access the data, click or select the words “Appendix 1.”

APPENDIX 2.

Nintedanib suppresses Smad2/3, P38MAPK and ERK1/2 
activation induced by TGF-β1 at earlier time points. HTFs 
were treated with TGF-β1 (5 ng/ml) in the presence or 
absence of nintedanib (1 μM) for 15 min. p-Smad2/3 (A), 
p-P38MAPK and p-ERK1/2 (B) protein expression were 
analyzed by western blot and normalized to total Smad2/3, 
ERK1/2 or GAPDH, respectively. Data are presented as the 
means ± SD (n=3) of independent repeated experiments (* 
p<0.01; ** p<0.01;*** p<0.001; **** p<0.0001 compared to 
control or TGF-β1 group). To access the data, click or select 
the words “Appendix 2.”
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