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Elevation of intraocular pressure (IOP) is thought to be 
derived from increased aqueous humor (AH) outflow resis-
tance mainly located in the conventional pathway [1,2]. The 
resistance of the conventional pathway involves the trabecular 
meshwork (TM) and Schlemm’s canal (SC) tissues in open 
angle glaucoma [3]. Cellular responses in the conventional 
pathway, such as regulation of contractile properties of TM 
tissue, cytoskeletal and fibrotic changes, cell–cell or cell–
matrix interactions in TM cells, the integrity of Schlemm’s 

canal endothelial (SCE) cells, and decreased SC permeability 
have been suggested to play significant roles in IOP elevation 
[4-6].

The transforming growth factor (TGF)-β superfamily 
contributes to a wide variety of cellular processes, including 
proliferation, differentiation, motility, adhesion, extracel-
lular matrix (ECM) protein synthesis, cancer metastasis, 
and apoptosis [7]. Among the TGF-β superfamily of growth 
factors, three genes encode three different TGF-β isoforms 
(TGF-β1 [Gene ID 7040, OMIM 190180], TGF-β2 [Gene ID 
7042, OMIM 190220], and TGF-β3 [Gene ID 7043, OMIM 
190230]). These isoforms share 60–80% homology, and all 
three isoforms activate the same canonical signaling pathway. 

Purpose: The effects of aqueous mediators possibly increasing the outflow resistance, transforming growth 
factor-β1 (TGF-β1), TGF-β2, autotaxin (ATX), and lysophosphatidic acid (LPA) on human trabecular mesh-
work (hTM) cells and monkey Schlemm’s canal endothelial (SCE) cells were characterized and compared, and 
the effects of intracameral application of these mediators on intraocular (IOP) elevation were also examined.
Methods: Cells were treated with TGF-β1, TGF-β2, ATX, LPA, or vehicle, and mRNA and protein expres-
sion levels of α-SMA, COL1A1, fibronectin, β-catenin, and ZO-1 were examined with real-time quantitative 
PCR (RT-qPCR) or immunofluorescence analyses or both. The permeability of cell monolayers was mea-
sured by determining the transendothelial electrical resistance (TEER) or with the fluorescein isothiocyanate 
(FITC)-dextran permeability assay. IOP was evaluated in rabbit eyes after intracameral administration of 
the mediators.
Results: All mediators induced upregulation of α-SMA, COL1A1, and fibronectin in hTM cells. The effect of 
TGF-β2 on mRNA expression of fibrotic markers was statistically significantly greater than that of TGF-β1. 
The effects of ATX and LPA indicated the time-dependent difference in the upregulation of α-SMA, COL1A1, 
and fibronectin. The TEER and FITC-dextran permeability of the SCE cells was evaluated after treatment 
with TGF-β1 and TGF-β2, but no statistically significant change was observed within 24 h. ATX and LPA 
also reduced permeability statistically significantly after 3 h and 0.5 h, respectively, and the effect of LPA 
was more rapid compared to that of ATX. Statistically significant IOP elevation was observed in rabbit eyes 
as early as 0.5–2.0 h after ATX and LPA treatment and at 24 h after treatment with TGF-β2. 
Conclusions: TGF-β2 and ATX and LPA regulate aqueous outflow by modulation of hTM cells and SCE 
cells, and differences in timing between the effects of each mediator were observed. ATX and LPA showed 
more rapid effects on IOP elevation than TGF-β2. It was suggested that TGF-β2 and ATX/LPA are involved 
in increases of IOP, but the timing and sustainability differ between mediators, and they may play specific 
roles in different glaucoma subtypes.
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It has been reported that they appear to have similar functions 
in vitro, but studies with knockout mice for all isoforms have 
suggested that each isoform may play a different role in vivo 
[8]. TGF-β2 is elevated in the AH of patients with primary 
open angle glaucoma (POAG), the most common form of 
glaucoma, and is thought to be an important contributor to 
the pathogenesis of glaucoma. TGF-β2 is the most abundant 
TGF-β isoform in the eye, and TGF-β2 influences many 
aspects of cellular behavior, including proliferation, differen-
tiation, migration, and ECM synthesis and breakdown [9-11]. 
In glaucoma pathogenesis, TGF-β2 increases AH resistance 
by upregulation of ECM components, such as fibronectin, 
collagen I (COL1A1), collagen IV (COL4A1), and regulation 
of changes in the epithelial mesenchymal transition (EMT) 
in TM cells, resulting in fibrotic changes in the TM related 
to the pathogenesis of POAG [12-14].

We previously reported that the AH level of lysophospha-
tidic acid (LPA) and autotaxin (ATX), an enzyme involved in 
the generation of LPA by lysoPLD activity, was upregulated 
in open angle glaucoma, particularly in secondary open 
angle glaucoma (SOAG) and exfoliation glaucoma (XFG), 
in which aqueous TGF-β2 was downregulated [15,16]. LPA 
is a simple phospholipid but induces many types of cellular 
responses, including Rho GTPase–regulated cell adhesion, 
contraction, cellular proliferation, cell migration, cytokine 
and chemokine secretion, platelet aggregation, transforma-
tion of smooth muscle cells, and neurite retraction [17]. ATX 
is a secreted glycoprotein, widely present in biologic fluids, 
including serum and aqueous humor [16,18]. Previously, we 
reported that upregulation of the ATX/LPA pathway was 
statistically significantly positively correlated with IOP eleva-
tion. We also confirmed that ATX was induced in human 
TM (hTM) cells with dexamethasone (Dex) treatment and 
induced a fibrotic response and production of ECM compo-
nents, such as fibronectin, COL1A, and COL4A, in hTM cells 
in an autocrine and paracrine manner, which, in turn, led to 
fibrotic changes in the tissue [15]. These results explain the 
upregulation of the ATX/LPA pathway-induced impediment 
of AH outflow through the TM and the increase in IOP. LPA 
has been shown to increase resistance to AH outflow through 
TM fibrosis based on the observation that the perfusion of 
LPA lowered outflow facility in ex vivo human ocular organ 
culture of the anterior segment of the eye or LPA-induced 
fibrosis or increased production of the ECM in hTM cells 
in vitro [19-21]. However, there have been no studies to 
determine whether exogenous application of LPA or ATX 
can affect IOP in vivo. In addition, we recently found that 
TGF-β1, TGF-β2, and ATX were differentially upregulated 
in a glaucoma subtype-specific manner in AH, but to the best 
of our knowledge, there have been no comparative studies 

on the effects of these mediators on hTM cells or SCE cells. 
It has been suggested that TGF-β2 plays a leading role in 
the pathogenesis of glaucoma, while TGF-β1 has also been 
suggested to be involved in fibrotic changes associated with 
AH outflow. However, the details of the differences between 
these TGF-β isoforms with regard to their roles in regulation 
of AH outflow remain unclear.

We hypothesized that there may be differences in the 
effects of TGF-β1, TGF-β2, and ATX/LPA on hTM cells 
and SCE cells, which may be related to the IOP elevation 
profiles of different glaucoma subtypes. Therefore, in the 
present study we investigated the effects of these mediators 
on fibrotic responses in hTM cells and SCE permeability. We 
also confirmed the characteristic IOP elevation after topical 
application of TGF-β2 and ATX/LPA.

METHODS

Cell culture:

Preparation and characterization of hTM cell culture 
and treatment—Primary hTM cells were isolated from 
human donor eyes and characterized as described previously, 
according to the recommendations of Keller et al. [22]. Only 
well-characterized normal hTM cells, in which Dex-induced 
myocilin upregulation was confirmed with quantitative real-
time polymerase chain reaction (RT-qPCR) from passages 3 
through 5 were used for subsequent studies (Figure 1). The 
hTM cells from three donor eyes (46 years old, 52 years old, 
and 55 years old, without glaucoma) were used in this study. 
For further hTM cell characterization, western blotting for 
Dex-induced myocilin upregulation and immunocytochem-
istry using antibodies against AQP-1, vimentin, TIMP-3, and 
desmin was performed according to previous reports [23,24]. 
All in vitro experiments were performed 24 h after conflu-
ence was confirmed. After overnight serum starvation, the 
cells were treated with 1, 10 ng/ml TGF-β1, TGF-β2, 40 µM 
ATX, or 1, 10 µM LPA with or without the ROCK inhibitor 
(10 µM K115; Kowa, Nagoya, Aichi, Japan) which inhibit the 
downstream cascade of TGF-β and the ATX/LPA pathway, 
ATX inhibitor (10 µM HA130; Merck, Kenilworth, NJ), or 
LPA receptor (LPAR) antagonist (10 µM Ki16425; Merck) 
and TGF-β inhibitor (10 µM SB431542; Fujifilm, Osaka, 
Japan). Each experiment was performed at least three times, 
and the consistency of experiment was confirmed using 
biologic triplicates.

Culture of monkey Schlemm’s canal endothelial 
cells—SCE explants dissected from the eyes of 6- to 
12-month-old non-glaucomatous cynomolgus monkeys 
were obtained from a commercial laboratory (Shin Nippon 
Biomedical Laboratories, Kagoshima, Japan). We modified 
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Figure 1. Characterization of hTM cells. A: The image of human trabecular meshwork (hTM) cells using a contrast-phase microscope. B: 
The statistically significantly increased mRNA expression of myocilin was confirmed with 500 nM dexamethasone (Dex) treatment (7 
days). *p<0.05. C, D: Upregulation of myocilin was also confirmed with western blotting in hTM cells stimulated with 100 nM Dex. C: The 
representative bands for western blotting. D: The relative expression of myocilin to the loading control of β-tubulin (n = 3). **p<0.01. E: 
The panels show cells stained for 4’,6-diamidino-2-phenylindole (DAPI; blue), endothelial cell markers, and mesenchymal markers, merged 
images from left to right. The hTM cells used in the study were positive for AQP-1, TIMP-3, and vimentin, but were negative for desmin. 
Bar, 200 µm.
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Alvarado et al.’s dissection methods [25-27]. At least three 
cell lines of SCE cells from three monkey eyes were used 
in the study. Primary SCE cells were cultured in Dulbecco’s 
modified Eagle’s medium (DMEM) containing 10% fetal 
bovine serum (FBS) and antibiotic antimycotic solution 
(100X; Sigma-Aldrich, St. Louis, MO) at 37 °C in 5% 
CO2. SCE cells between passages 4 and 6 were used in all 
experiments.

RNA extraction and RT-qPCR—To measure fibrotic 
changes and ECM gene expression, and to characterize hTM 
cell strain profiles in hTM cells, RT-qPCR was performed 
as described previously [15,28]. Confluent cultures of hTM 
cells that had been starved of serum for 24 h were treated 
with mediators and inhibitors or antagonists and subjected to 
RT-qPCR. For characterization, the cells were treated with 
100 nM or 500 nM Dex for 7 days without serum starvation. 
The cells were lysed using TRI Reagent (Molecular Research 
Center, Inc., Cincinnati, OH), and mRNA was isolated using 
chloroform and isopropyl alcohol as previously described 
[15,28]. mRNA was treated with a PrimeScript RT Reagent 
Kit (Takara Bio, Shiga, Japan) to synthesize cDNA. mRNA 
was quantified using quantitative PCR (qPCR) with SYBR 
Premix Ex TaqII (Tli RNaseH Plus; Takara Bio) and the 
Thermal Cycler Dice Real Time System II (Takara Bio) using 
the ΔΔCt method. For qPCR, primer sequences were taken 
from previously published sequences, and the primers were 
purchased from Hokkaido System Science (Hokkaido, Japan). 
The sequences of PCR primers used are described in Table 
1. Target gene expression was normalized relative to that of 
GAPDH mRNA. All tests were conducted in triplicate to 
ensure reproducibility, and the consistency of the experiment 
was confirmed using biologic triplicates.

Western blotting: Western blotting was performed as 
described previously [15,28]. Confluent cultures of hTM 
cells that had been starved of serum for 24 h were treated 
with or without 100 nM Dex. After 1 dpi, the cells were 

collected in radioimmunoprecipitation assay (RIPA) buffer 
(Thermo Fisher Scientific) containing protease inhibitors 
(Roche Diagnostics, Basel, Switzerland), sonicated, and 
centrifuged. After protein concentrations in the supernatant 
were determined by the bicinchoninic acid assay, using a 
BCA Protein Assay Kit (Thermo Fisher Scientific K.K.), 
sodium dodecyl sulfate–polyacrylamide gel electrophoresis 
(SDS–PAGE) were performed as previously described [28]. 
Protein bands were transferred to polyvinylidene difluoride 
(PVDF) membranes (Bio-Rad Laboratories, Hercules, CA), 
and the membranes were immersed in Tris-buffered saline 
with Tween-20 (TBST) containing primary antibody. After 
washing, the membranes were immersed in TBST containing 
secondary antibody and reacted with enhanced chemilumi-
nescent (ECL) substrate (Thermo Fisher Scientific). Protein 
bands were detected with ImageQuant LAS 4000 mini (GE 
Healthcare, Chicago, IL). The primary antibodies were anti-
myocilin (NT) antibody, clone 7.1 (1:1,000; Merck Millipore, 
Billerica, MA) and anti-β-tubulin (1:1,000; Wako Pure 
Chemical Industries, Ltd., Osaka, Japan), and horseradish 
peroxidase (HRP)–conjugated secondary antibody (1:2,000; 
Thermo Fisher Scientific). The membrane was stripped with 
WB Stripping Solution (nacalai tesque, Kyoto, Japan) and 
reblotted. The bands were quantified using ImageJ software 
(ver. 1.49, NIH, Bethesda, MD).

Immunocytochemistry: Immunocytochemistry was 
performed as described previously [15,28]. The primary anti-
bodies were anti-α-SMA (1:500; Dako, Agilent, Santa Clara, 
CA), anti-fibronectin (1:400; Santa Cruz Biotechnology, 
Dallas, TX), rhodamine phalloidin (0.2 μM; Thermo Fisher 
Scientific, Waltham, MA), anti-ATX (1:200; MBL, Nagoya, 
Japan), anti-COL1A1 (1:200; Rockland Immunochemicals, 
Limerick, PA), anti-AQP-1 antibody (1:500; Santa Cruz 
Biotechnology, Inc., Santa Cruz, CA), anti-vimentin anti-
body (1:1,000; Abcam, Cambridge, MA), anti-desmin anti-
body (1:200; Abcam), and anti-TIMP-3 antibody (KYOWA 
PHARMA CHEMICAL, CO., LTD, Toyama, Japan). Alexa 

Table 1. PCR information.

Gene
Primer
Forward (5’-3’) Reverse (5’-3’)

GAPDH GAGTCAACGGATTTGGTCGT TTGATTTTGGAGGGATCTCG
ATX ACAACGAGGAGAGCTGCAAT AGAAGTCCAGGCTGGTGAGA
fibronectin AAACCAATTCTTGGAGCAGG CCATAAAGGGCAACCAAGAG
COL1A1 CAGCCGCTTCACCTACAGC TTTTGTATTCAATCACTGTCTTG
COL4A1 TAGAGAGGAGCGAGATGTTC GTGACATTAGCTGAGTCAGG
αSMA CCGACCGAATGCAGAAGGA ACAGAGTATTTGCGCTCCGAA
Myocilin TACACGGACATTGACTTGGC ATTGGCGACTGACTGCTTAC
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Fluor 488 and Alexa Fluor 594 secondary antibodies (1:1,000) 
were purchased from Thermo Fisher Scientific. The slides 
were imaged under a fluorescence microscope (BZ-9000; 
Keyence, Osaka, Japan).

Measurement of monolayer cell permeability and TEER: 
Measurements of the monolayer transendothelial electrical 
resistance (TEER) and the permeability of the SCE cells were 
performed as described previously [25,26,28,29]. After over-
night serum starvation, the SCE cells were treated with 10 ng/
ml TGF-β1, 10 ng/ml TGF-β2, 40 µM ATX, or 10 µM LPA 
with or without inhibitors. The concentration of 4 kDa fluo-
rescein isothiocyanate (FITC)-dextran (Sigma-Aldrich) was 
measured 1, 3, 6, and 24 h after the tracer was added using 
a multimode plate reader (Multi Microplate Reader, MTP-
800AFC; Corona Electric, Ibaragi, Japan) with an excitation 
wavelength of 490 nm and an emission wavelength of 530 
nm, and the same volume of the culture medium was added 
to replace the medium removed. The TEER was measured 1, 
3, and 6 h after stimulation. Each experiment was performed 
at least four times.

Animal experiments and IOP measurement: All animals 
used in this study were treated in accordance with the 
ARVO Statement for the Use of Animals in Ophthalmic and 
Vision Research and the dictates of the Institutional Animal 
Research Committee of the University of Tokyo. Five male 
Japanese white rabbits (average weight 2.5 kg, 9 to 12 months 
old) were used. The animals were maintained in conventional 
animal rooms and housed in individual plastic cages in an 
air-conditioned room with a temperature of 22 °C ± 3.0 °C, 
55% ± 10% relative humidity, and a 12 h:12 h light-dark cycle, 
with access to food and water ad libitum. The rabbits were 
acclimated for 2 weeks before use in the experiments. IOP 
was measured with Pneumatonometer Model 30 Classic (RE 
Medical Inc., Osaka, Japan) under topical anesthesia with 
0.4% oxybuprocaine hydrochloride eye drops in a single-blind 
comparative study of four regimens with a single drop for one 
eye. The rabbits received intracameral administration of 30 
μl TGF-β2 (100 ng/ml), ATX (400 μM), or LPA (100 μM) 
diluted with PBS (1X; 120 mM NaCl, 20 mM KCl, 10 mM, 
NaPO4, 5 mM KPO4, pH 7.4) in one eye. The other eye was 
treated with intracameral administration of the same volume 
of PBS and used as a control. A microsyringe with a 30 G 
needle (Terumo Corporation, Tokyo, Japan) was used for the 
intracameral injections, and it was confirmed that there was 
no leakage after each injection. The rabbits were put under 
sedation with medetomidine (20 μg/kg, i.m., Nippon Zenyaku 
Kogyo Co., Ltd., Fukushima, Japan), and the sedation was 
antagonized and reversed with atipamezole (100 μg/kg, 
i.m., Nippon Zenyaku Kogyo Co., Ltd.) immediately after 

the injection. The IOP was measured after the confirmation 
that rabbits were completely awake and could eat and drink. 
The target AH concentrations were calculated as 10 ng/ml 
TGF-β2, 40 μM ATX, and 10 μM LPA based on the esti-
mated volume of 300 μl for the rabbit anterior chamber. The 
concentration of each mediator was set based on the in vitro 
study. One of the researchers (NI) randomly allocated the 
regimen for each group, and the examiners were all blinded 
to the allocated regimens. Each regimen was performed with 
2-week intervals as washout periods, and the baseline IOP 
was remeasured and confirmed. Three IOP measurements 
were obtained, and the average difference in IOP between the 
treated eye and the control eye was recorded.

Statistical analyses: Statistical analyses were performed 
with JMP Pro 15 software (SAS Institute Inc., Cary, NC). 
The results are expressed as the mean ± standard deviation 
(SD). Differences in the data among the groups were analyzed 
with analysis of variance (ANOVA) and Tukey’s post hoc test. 
For the IOP measurement of rabbit eyes, a repeated-measures 
ANOVA was used. In all analyses, a p value of less than 0.05 
was considered statistically significant.

RESULTS

Characterization of hTM cells: We characterized hTM cells 
in accordance with the previous reports [22-27]. Figure 1A 
shows the representative image of hTM cells using a contrast-
phase microscope. Statistically significant upregulation of 
mRNA expression of myocilin was confirmed with RT-qPCR 
with the Dex treatment (Figure 1B). Western blotting also 
indicated that the protein expression of myocilin was upregu-
lated when stimulated with the Dex treatment. The quanti-
tative analysis showed that the expression of myocilin was 
statistically significantly upregulated by the Dex treatment 
(Figure 1C,D). We performed immunocytochemistry to char-
acterize the hTM cells, and the hTM cells were confirmed 
to be positive for AQP-1, vimentin, and TIMP-3, but were 
negative for desmin (Figure 1E).

Effects of TGF-β1 and TGF-β2 on expression of fibro-
genic markers and cytoskeletal proteins in hTM cells

First, we analyzed the effects of exogenous TGF-β1 and 
TGF-β2 on the protein and mRNA expression of the fibro-
genic markers and cytoskeletal proteins in the hTM cells with 
immunocytochemistry and RT-qPCR. As shown in Figure 
2, treatment with 10 ng/ml TGF-β1 and TGF-β2 for 24 h 
induced changes in the distribution of F-actin and upregu-
lation of α-SMA protein expression, both of which were 
attenuated with treatment with the TGF-β inhibitor and the 
ROCK inhibitor. RT-qPCR showed that the level of α-SMA 
mRNA expression was statistically significantly upregulated 
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by TGF-β1 and TGF-β2 compared to the control, but there 
was a statistically significant difference between the effects 
of TGF-β1 and TGF-β2 (Figure 3). With regard to the fibro-
genic markers, TGF-β2 induced fibronectin and COL1A1 
protein and mRNA expression compared to the control, and 
the TGF-β inhibitor and the ROCK inhibitor attenuated the 

upregulation of these fibrogenic markers (Figure 2, Figure 3). 
TGF-β1 tended to upregulate the expression of the fibrogenic 
markers, but the effects were not statistically significant 
(Figure 3). To compare the effects of two different isoforms 
of TGF-β, we compared the fibrogenic effects of those media-
tors on hTM cells at 6 and 24 h post-stimulation to identify 

Figure 2. Immunocytochemistry of F-actin, α-SMA, COL1A1, and fibronectin in hTM cells treated with TGF-β1 and TGF-β2. The human 
trabecular meshwork (hTM) cells were treated with 10 ng/ml of TGF-β1 and TGF-β2 for 24 h with or without the TGF-β inhibitor or 
the ROCK inhibitor. The panels show cells stained for F-actin (red), α-SMA (green), COL1A1 (red), and fibronectin (red) merged with 
4’,6-diamidino-2-phenylindole (DAPI; blue) from left to right. The expression of F-actin was altered, and the expression of α-SMA, COL1A1, 
and fibronectin was increased by TGF-β1 and TGF-β2; these effects were attenuated by the TGF-β inhibitor or the ROCK inhibitor. Bar, 
200 µm.
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Figure 3. RT-qPCR quantification 
of TGF-β1 and TGF-β2-induced 
f ibrotic changes in hTM cells 
α-SMA, COL1A1, and fibronectin 
mRNA expression were statistically 
significantly induced with 10 ng/
ml TGF-β2 treatment (24 h). With 
the exception of fibronectin, these 
effects were statistically signifi-
cantly attenuated by the TGF-β 
inhibitor or the ROCK inhibitor. 
TGF-β1 (10 ng/ml, 24 h) induced 
statistically significant increased 
expression of only α-SMA, but not 
COL1A1 or fibronectin. Real-time 
quantitative PCR (RT-qPCR) was 
performed with GAPDH primers 
as an internal control for input 
DNA. Data are the averages of 
four independent samples. Values 
are the mean ± standard deviation. 
*p<0.05, **p<0.01, ***p<0.001, 
†p<0.0001.
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the difference among different concentrations using immu-
nocytochemistry (Figure 4). The upregulation of expression 
of α-SMA and fibronectin after treatment with each TGF-β 
isoform was confirmed to be dose dependent, and the effects 
of 10 ng/ml TGF-β1 were comparable to those of 1 ng/ml 
TGF-β2.

Effects of TGF-β1 and TGF-β2 on monolayer permeability 
and molecules associated with cell–cell contact in SCE 
cells: The upregulation of the flux of FITC-dextran reflects 
the increased permeability, and increased TEER reflects the 

lowering permeability. Permeability assays using the flux 
of FITC-dextran as an indicator showed that treatment with 
TGF-β1 or TGF-β2 had no statistically significant effect 
on the concentration of FITC-dextran on the apical side 
at 1, 3, 6, and 24 h (Figure 5A). Additional treatment with 
the TGF-β inhibitor did not statistically significantly alter 
the concentration of FITC-dextran, suggesting that neither 
TGF-β1 nor TGF-β2 affected SCE permeability more or less, 
at least within 24 h. Immunocytochemical staining revealed 
modest upregulation of tight junction-related proteins, such 

Figure 4. Immunocytochemistry of α-SMA, COL1A1, and fibronectin in hTM cells treated with TGF-β1, TGF-β2, and LPA. The human 
trabecular meshwork (hTM) cells were treated with 10 ng/ml of TGF-β1 and 1 ng/ml TGF-β2 or 1 or 10 μM lysophosphatidic acid (LPA) for 
6 and 24 h. The panels show cells stained for α-SMA (green, A), fibronectin (green, B), and COL1A1 (red, C) merged with 4’,6-diamidino-
2-phenylindole (DAPI; blue). Bar, 200 µm.
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Figure 5. Effects of TGF-β1 and TGF-β2 on monolayer permeability and TEER, and molecules associated with cell–cell contact in SCE cells. 
A: Changes in Schlemm’s canal endothelial (SCE) cell monolayer permeability using 4 kDa fluorescein isothiocyanate (FITC)-dextran are 
shown. SCE cells were exposed to TGF-β1 or TGF-β2 with or without the TGF-β inhibitor, and the concentrations of FITC-dextran were 
measured at 1, 3, 6, and 24 h after treatment. No statistically significant differences were observed between the control and treated cells 
within 24 h. B: Immunocytochemistry in SCE cells treated with 10 ng/ml TGF-β1 or TGF-β2 after 24 h. The left panels show staining for 
β-catenin (green), and the right panels show staining for ZO-1 (red) merged with 4’,6-diamidino-2-phenylindole (DAPI; blue). β-catenin and 
ZO-1 expression increased after treatment. Bar, 200 µm. C: The transendothelial electrical resistance (TEER) measured in SCE cells exposed 
to TGF-β1 or TGF-β2 with or without the ROCK inhibitor at 1, 3, 6, and 24 h after treatment. There were no statistically significant changes 
in the TEER induced by TGF-β1 or TGF-β2 compared to the control within 24 h, although the ROCK inhibitor statistically significantly 
decreased the TEER at 1, 3, and 6 h. Values are the mean ± standard deviation. *p<0.05, **p<0.01, ***p<0.001, †p<0.0001.
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as ZO-1, in the TGF-β1- and TGF-β2-treated cells (Figure 
5B). Staining for β-catenin, a molecule related to adherens 
junctions, also tended to be upregulated after treatment with 
TGF-β1 and TGF-β2, but the changes were not statistically 
significant. To confirm the results of FITC-dextran flux and 
immunocytochemical staining in SCE cells, we measured the 
TEER. The TEER of the SCE cell monolayer after TGF-β1 
and TGF-β2 were added did not show any statistically 
significant differences from the control at 1, 3, 6, and 24 h 
(Figure 5C). Interestingly, the TEER values were statistically 
significantly different when TGF-β1 or TGF-β2 was added 
concomitant with the ROCK inhibitor, K115, at 1, 3, and 6 h. 
The values were not statistically significantly different among 
the samples even when treated with K115 at 24 h.

Effects of the ATX/LPA pathway on expression of fibrogenic 
markers and cytoskeletal proteins in hTM cells: Next, we 
investigated the effects of exogenous ATX and LPA on 
protein and mRNA expression of fibrogenic markers and 
cytoskeletal proteins in hTM cells as well as with immuno-
cytochemistry and RT-qPCR. As shown in Figure 6, ATX 
and LPA induced upregulation of α-SMA protein expression 
(Figure 6A) and changes in the distribution of F-actin (Figure 
6B), and the upregulation of α-SMA was attenuated by the 
ATX inhibitor, the LPAR antagonist, and the ROCK inhib-
itor treatment. LPA showed more rapid effects on α-SMA 
protein upregulation than ATX (Figure 6B), which was also 
confirmed with RT-qPCR (Figure 7). When compared at 
6 h, the effect of LPA on α-SMA protein upregulation was 
stronger than that of ATX; however, the effects of LPA and 
ATX were almost identical concerning fibronectin upregu-
lation. As shown in Figure 4, the effect of LPA was dose 
dependent, and 10 μM LPA showed more rapid effects on 
α-SMA protein upregulation than 10 ng/ml TGF-β2. The 
ROCK inhibitor, the ATX inhibitor, and the LPAR antagonist 
attenuated the ATX- and LPA-induced changes in α-SMA 
upregulation (Figure 6). With regard to the fibrogenic 
markers, ATX and LPA induced upregulation of COL1A1 
protein expression (Figure 6A), which was attenuated by the 
ATX inhibitor, the LPAR antagonist, or the ROCK inhibitor. 
We also observed a difference in the timing of the effects 
of ATX and LPA on COL1A1 expression; LPA upregulated 
COL1A1 as early as 3 h, whereas the effect of ATX was seen 
after 6 h. The difference in the timing of the effects between 
ATX and LPA was also confirmed with RT-qPCR (Figure 
7). Fibronectin upregulation was observed following ATX or 
LPA treatment with immunocytochemistry, and RT-qPCR 
also showed statistically significant upregulation at 1 h after 
ATX treatment (Figure 7). However, the expression was not 
that prominent compared to that of the control, and there was 

no statistically significant upregulation of fibronectin mRNA 
at 6 and 24 h (Figure 7).

Effects of the ATX/LPA pathway on TEER and molecules 
associated with cell–cell contact in SCE cells: The TEER of 
the SCE cell monolayer after ATX was added was statistically 
significantly higher than that of the controls at 1, 3, and 6 h, 
and treatment with the ATX inhibitor attenuated the increase 
in the TEER to a value comparable to that for controls (Figure 
8A). Treatment with the ROCK inhibitor statistically signifi-
cantly reduced the increased TEER induced by ATX. The 
TEER of the SCE cell monolayer after LPA was added was 
statistically significantly higher than that of controls at 0.5, 1, 
and 3 h, and treatment with the LPAR antagonist attenuated 
the increase in the TEER to a value comparable to that for 
the controls (Figure 8B). Treatment with the ROCK inhibitor 
also statistically significantly reduced the increased TEER 
induced by LPA. We found differences in the timing of the 
effects between ATX and LPA, as LPA showed more rapid 
effects on SCE permeability compared to ATX. Immunocy-
tochemical staining revealed robust rearrangement of F-actin 
and upregulation of the tight junction-related protein, ZO-1, 
in the ATX- and LPA-treated cells (Figure 8C). Staining of 
the adherens junction-related molecule, β-catenin, was also 
increased after treatment with ATX and LPA. The ATX 
inhibitor or the LPAR antagonist attenuated the F-actin rear-
rangement and ZO-1 upregulation, and β-catenin tended to 
show a broad and sparse expression pattern after treatment 
with the ROCK inhibitor (Figure 8C).

Effects of intracameral ATX, LPA, and TGF-β2 on intraocular 
pressure in rabbit eyes: IOP was measured after intracameral 
instillation of ATX, LPA, and TGF-β2 (Figure 9). We did 
not perform the instillation of TGF-β1 because the effect of 
TGF-β1 was limited and not statistically significant in the 
in vitro study with hTM cells and SCE cells. LPA induced 
statistically significant IOP elevation compared to controls 
from 0.5 h after instillation, which persisted until 1.5 h. ATX 
also induced statistically significant IOP elevation with an 
increase of up to 6 mmHg from 1 to 2 h. TGF-β2 did not 
show any statistically significant effect on IOP until 24 h, 
but induced statistically significant IOP elevation with an 
increase of up to 4 mmHg at 24 h. However, the IOP at 48 h 
was not statistically significantly different from that for the 
controls.

DISCUSSION

We compared the effects of mediators that are involved in the 
pathogenesis of glaucomatous changes in the AH pathway 
and IOP elevation using TM cells and SCE cells in vitro and 
rabbit eyes in vivo. The effects of TGF-β1, TGF-β2, ATX, and 
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Figure 6. Immunocytochemistry for F-actin, α-SMA, COL1A1, and fibronectin in hTM cells treated with ATX and LPA. A: Immunostaining 
for α-SMA (green) and COL1A1 (red) merged with 4’,6-diamidino-2-phenylindole (DAPI; blue) at 3, 6, and 24 h after treatment with 40 
μM autotaxin (ATX) or 10 μM lysophosphatidic acid (LPA). LPA induced upregulation of α-SMA or COL1A1 from 3 h after treatment, 
and ATX induced upregulation of α-SMA or COL1A1 from 6 h after treatment. The ATX inhibitor, the LPAR antagonist, and the ROCK 
inhibitor statistically significantly attenuated these changes. B: Immunostaining for fibronectin (green) and F-actin (red) merged with DAPI 
(blue) at 3, 6, and 24 h after treatment with ATX or LPA. LPA and ATX induced upregulation of fibronectin from 3 h after treatment, and 
the ATX inhibitor, the LPAR antagonist, and the ROCK inhibitor attenuated these changes. Bar, 200 µm.
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LPA on TM fibrosis, SCE permeability, and IOP elevation 
were examined. We found statistically significant differences 
in the effects of these mediators, particularly with regard to 
their timing, which may reflect the characteristic upregula-
tion of these mediators in glaucoma subtypes.

IOP is regulated by the resistance of conventional 
outflow through the TM and Schlemm’s canal, and some 
studies have suggested that the profiles of cytokines in the 
AH are associated with changes in the aqueous pathway 
[30-32]. Among the various cytokines examined, elevated 
levels of TGF-β2 were found in the glaucomatous AH, 

particularly in POAG, in several previous studies, including 
ours [33-35]. TGF-β2 has been suggested to play critical roles 
in the pathogenesis of POAG based on elevated levels in the 
AH of POAG and its ability to induce ECM remodeling and 
TM fibrosis [32]. The perfusion of TGF-β2 into the anterior 
eye segment causes accumulation of fibrillary material in the 
TM [36], and elevated IOP and decreased AH outflow facility 
in a time-dependent manner, with increased fibronectin levels 
in the TM [27]. With regard to in vivo studies, sustained 
adenoviral overexpression of latent TGF-β2 induces ocular 
hypertension in rats and mice with statistically significantly 

Figure 7. RT-qPCR quantification of TGF-β1- and TGF-β2-induced fibrotic changes in the α-SMA, COL1A1, and fibronectin mRNA expres-
sion of hTM cells at 1, 6, and 24 h after ATX and LPA treatment are shown. α-SMA was statistically significantly induced by lysophosphatidic 
acid (LPA; 6 h, 24 h) and autotaxin (ATX; 24 h), and these effects were statistically significantly attenuated by the LPAR antagonist, ATX 
inhibitor, or ROCK inhibitor. COL1A1 was statistically significantly induced by LPA (6 h) and ATX (6 h), and these effects were statistically 
significantly attenuated by the LPAR antagonist, ATX inhibitor, or ROCK inhibitor. ATX was upregulated by ATX (1 h). Real-time quantita-
tive PCR (RT-qPCR) was performed with GAPDH primers to serve as an internal control for input DNA. Values are the mean ± standard 
deviation of four independent samples. *p<0.05, **p<0.01, ***p<0.001, †p<0.0001.
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Figure 8. Effects of ATX and LPA on the TEER and molecules associated with cell–cell contact in SCE cells. A: The TEER measured 
in SCE cells exposed to ATX with or without the ATX inhibitor or ROCK inhibitor at 0.5, 1, 3, 6, and 24 h after treatment. Autotaxin 
(ATX) statistically significantly increased the transendothelial electrical resistance (TEER) at 3 and 6 h, and these effects were statistically 
significantly attenuated by the ATX inhibitor or ROCK inhibitor. B: The TEER measured in Schlemm’s canal endothelial (SCE) cells 
exposed to lysophosphatidic acid (LPA) with or without the LPAR antagonist or the ROCK inhibitor at 0.5, 1, 3, 6, and 24 h after treatment. 
LPA statistically significantly increased the TEER at 0.5, 1, and 3 h, and these effects were statistically significantly attenuated by the 
LPAR antagonist or the ROCK inhibitor. Values are the mean ± standard deviation. (n = 4–9) #p<0.05, ##p<0.01 normal versus ATX or LPA 
treatment; *p<0.05, **p<0.01 ATX or LPA treatment versus each treatment. C: Immunocytochemistry in SCE cells 3 h after treatment with 
ATX or LPA. The left panels show staining for F-actin (red) and β-catenin (green) merged with 4’,6-diamidino-2-phenylindole (DAPI; blue). 
The right panels show staining for ZO-1 (red) merged with DAPI (blue). ATX and LPA induced rearrangement of F-actin, and upregulation 
of β-catenin and ZO-1 after treatment. These effects were statistically significantly attenuated by the ATX inhibitor, the LPAR antagonist, 
and the ROCK inhibitor. Bar, 200 µm.
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reduced AH outflow facility after 4–7 days [13]. Thus, exog-
enous TGF-β2 is able to mimic the pathophysiology of POAG 
and cause IOP elevation. However, statistically significant 
effects of TGF-β2 on the IOP of perfused human anterior 
segments were observed after 24 h in a previous study [37]. 
In the present study, we examined the effects of TGF-β2 on 
fibrotic and cytoskeletal changes in TM cells and the perme-
ability of SCE cells, and found that statistically significant 
fibrotic changes were induced by TGF-β2 within 24 h, which 
was confirmed with RT-qPCR and immunocytochemistry 
(Figure 2, Figure 3, and Figure 4), but the effects of TGF-β2 
on SCE permeability were not statistically significant within 
24 h. In addition, we observed significant IOP elevation 24 
h after intracameral instillation of TGF-β2 (Figure 9), which 
was consistent with the previous report.

Although TGF -β1 has been suggested to have a patho-
logical role in glaucoma based on the results of genetic anal-
yses and its possible role in the pathology of IOP elevation 
mediated by fibrotic regulation of TM and ECM remodeling 
[38,39], it has been speculated that high IOP itself may induce 
the expression of activated TGF-β1 in TM cells, and the actual 
pathological role of TGF-β1 in glaucoma remains unclear 
[40]. We and other groups have reported that cytomegalovirus 
(CMV) infection induces statistically significant upregula-
tion of TGF-β1 in hTM cells, which could be related to the 
enhanced fibrotic response in the TM [41-43]. However, ATX 
was also statistically significantly induced by CMV infection 
preceding upregulation of TGF-β1 in the TM, and TGF-β1 
showed no correlation with IOP, while ATX showed a statis-
tically significant positive correlation with IOP [43]. In the 
present study, cytoskeletal and fibrotic responses to TGF-β1 
were observed with immunocytochemistry, but were weaker 
compared to those of TGF-β2 (Figure 4), and TGF-β1-induced 

mRNA upregulation was not statistically significant except 
α-SMA (Figure 3). TGF-β1 did not show any effects on SCE 
permeability. TGF-β1 may not play a statistically significant 
role in IOP elevation, although TGF-β1 may be involved in 
the pathogenesis of glaucomatous changes in the AH outflow 
pathway in the long-term, including TM fibrosis. Taken 
together, these results suggest that TGF-β2 is involved in 
glaucomatous changes in hTM cells, including cytoskeletal 
responses, EMT changes, and fibrogenic changes. In contrast, 
TGF-β1 may be partially involved in the pathogenesis of 
glaucoma, but not that statistically significantly involved 
compared to TGF-β2.

In previous studies that used AH samples obtained from 
patients with glaucoma, elevation of the ATX/LPA pathway 
was found in glaucomatous eyes, particularly in SOAG and 
XFG, subtypes of glaucoma in which the IOP often fluctu-
ates and shows statistically significant increases [16]. In the 
same study, we also found statistically significant positive 
correlations between AH levels of ATX or LPA and IOP. The 
present results indicate that ATX and LPA induce significant 
fibrotic changes in hTM cells (Figures 6 and 7). Immuno-
cytochemical analyses revealed that the fibrotic changes 
induced by LPA were more rapid than the changes induced by 
ATX (from 3 h after treatment versus after 6 h, respectively). 
Similar to the effects in hTM cells, LPA and ATX statistically 
significantly reduced SCE permeability as confirmed with 
the TEER, and statistically significantly upregulated ZO-1 
and β-catenin expression (Figure 8). The TEER results also 
showed that the effects of LPA were seen more quickly than 
the effects of ATX (from 0.5 h after LPA treatment versus 
from 3 h after ATX treatment). However, the effects of LPA 
diminished promptly, while the effects of ATX were sustained 
until 24 h after treatment. As ATX is the enzyme responsible 

Figure 9. Effects of intracameral 
TGF-β2, ATX, and LPA on intra-
ocular pressure in IOP of rabbit 
eyes was measured after intra-
cameral instillation of 30 µl of 
400 µM autotaxin (ATX), 100 µM 
lysophosphatidic acid (LPA), and 
100 ng/ml TGF-β2 and compared to 
control eyes treated with PBS alone 
(control; n = 5). *p<0.05.
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for generating LPA, this difference in timing and sustain-
ability is reasonable. The intracameral instillation of ATX 
and LPA resulted in statistically significant IOP elevation in 
rabbit eyes, and we also observed a difference in the timing 
of the peak IOP elevation between ATX and LPA (Figure 
9). Notably, the ATX/LPA pathway induced IOP elevation 
from as early as 0.5 h after treatment with LPA and 1 h after 
treatment with ATX, which were statistically significantly 
quicker than the effects of TGF-β2.

We reported previously that the inhibition of Rho-ROCK 
signaling induces changes in the cytoskeleton and focal adhe-
sions in hTM cells, resulting in increased outflow facility and 
IOP reduction [44]. We have also reported that the inhibition 
of Rho-ROCK signaling results in Rho/ROCK-dependent 
cytoskeletal reorganization and disruption of proteins asso-
ciated with tight junctions, leading to increased SCE perme-
ability and increased AH outflow [25]. TGF-β2 and ATX/
LPA are the upstream mediators of Rho-ROCK signaling, and 
in the present study, the ROCK inhibitor, K115, statistically 
significantly attenuated fibrotic changes in hTM cells induced 
by TGF-β2 or ATX/LPA. The ROCK inhibitor also statisti-
cally significantly attenuated the decreased SCE permeability 
induced by ATX/LPA. Therefore, it is possible that the altered 
Rho-ROCK signaling induced by TGF-β2 or ATX/LPA or 
both may play a role in the fibrotic changes in hTM cells or 
the decreased SCE permeability, but there were statistically 
significant differences in the timing of the effects, which may 
reflect the differences in upregulation of these mediators in 
different glaucoma subtypes.

The present study had several limitations. The observa-
tion periods were short, and we focused only on 24 h after 
treatment. Therefore, further studies with longer observa-
tion, including the investigation of the effects of TGF-β1, are 
required. We compared the cellular changes using hTM cells 
and SCE cells and found that the fibrotic change in the hTM 
cells and the decreased permeability in the SCE cells was 
induced by the mediators. Although it has been suggested 
that the decreased SCE permeability is associated with 
decreased AH outflow and IOP elevation, perfusion studies 
using enucleated eyes should be performed to examine the 
outflow facility and compare the morphological changes 
between TGF-β2- and ATX/LPA-treated eyes. In conclusion, 
TGF-β2 and ATX/LPA are involved in changes in fibrosis in 
hTM cells and cell–cell contact in SCE cells, and increases 
in the IOP, but the timing and sustainability differ between 
mediators, suggesting that they may play specific roles in 
different glaucoma subtypes.
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