
Citation: Liu, M.; Honjo, M.;

Yamagishi, R.; Igarashi, N.;

Nakamura, N.; Kurano, M.; Yatomi,

Y.; Igarashi, K.; Aihara, M. Fibrotic

Response of Human Trabecular

Meshwork Cells to Transforming

Growth Factor-Beta 3 and Autotaxin

in Aqueous Humor. Biomolecules 2022,

12, 1231. https://doi.org/10.3390/

biom12091231

Academic Editors: Veluchamy

Amutha Barathi, Raymond P. Najjar

and Anita Chan Sook Yee

Received: 5 August 2022

Accepted: 1 September 2022

Published: 3 September 2022

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

biomolecules

Article

Fibrotic Response of Human Trabecular Meshwork Cells to
Transforming Growth Factor-Beta 3 and Autotaxin in
Aqueous Humor
Mengxuan Liu 1, Megumi Honjo 1,*, Reiko Yamagishi 1, Nozomi Igarashi 1,2 , Natsuko Nakamura 1,3,
Makoto Kurano 4,5, Yutaka Yatomi 4,5, Koji Igarashi 6 and Makoto Aihara 1

1 Department of Ophthalmology, Graduate School of Medicine, The University of Tokyo, Tokyo 113-8655, Japan
2 Department of Ophthalmology, Tokyo Teishin Hospital, Tokyo 102-0071, Japan
3 Division of Vision Research, National Institute of Sensory Organs,

National Hospital Organization Tokyo Medical Center, Tokyo 152-8902, Japan
4 Department of Clinical Laboratory Medicine, Graduate School of Medicine, The University of Tokyo,

Tokyo 113-8655, Japan
5 Department of Clinical Laboratory, The University of Tokyo Hospital, Tokyo 113-8655, Japan
6 Bioscience Division, Reagent Development Department, AIA Research Group, TOSOH Corporation,

Ayaseshi 252-1123, Japan
* Correspondence: honjomegumi@gmail.com

Abstract: This study examines the potential role of transforming growth factor-beta 3 (TGF-β3)
on the fibrotic response of cultured human trabecular meshwork (HTM) cells. The relationships
and trans-signaling interactions between TGF-β3 and autotaxin (ATX) in HTM cells were also
examined. The levels of TGF-β and ATX in the aqueous humor (AH) of patients were measured by
an immunoenzymetric assay. The TGF-β3-induced expression of the fibrogenic markers, fibronectin,
collagen type I alpha 1 chain, and alpha-smooth muscle actin, and ATX were examined by quantitative
real-time PCR, Western blotting, and immunocytochemistry, and the trans-signaling regulatory effect
of TGF-β3 on ATX expression was also evaluated. In HTM cells, the significant upregulation of
ATX was induced by TGF-β3 at a concentration of 0.1 ng/mL, corresponding to the physiological
concentration in the AH of patients with exfoliative glaucoma (XFG). However, higher concentrations
of TGF-β3 significantly suppressed ATX expression. TGF-β3 regulated ATX transcription and
signaling in HTM cells, inducing the upregulation of fibrogenic proteins in a dose-dependent manner.
Trans-signaling of TGF-β3 regulated ATX transcription, protein expression, and signaling, and was
thereby suggested to induce fibrosis of the trabecular meshwork. Modulation of trans-signaling
between TGF-β3 and ATX may be key to elucidate the pathology of XFG, and for the development of
novel treatment modalities.

Keywords: human trabecular meshwork cells; transforming growth factor-beta 3; autotaxin

1. Introduction

Glaucoma, which affects the optic nerve and causes progressive optic neuropathy,
is one of the leading causes of blindness and irreversible vision loss worldwide [1–3].
Elevation of intraocular pressure (IOP) is considered to be the main risk factor for glau-
coma, and reduction of IOP is the most effective method to prevent the development and
progression thereof [4–7].

The trabecular meshwork (TM) plays a crucial role in maintaining IOP by balancing
the production and outflow of aqueous humor (AH) in the human eye [8]. Fibrosis in the
TM increases the resistance of the conventional AH outflow pathway in primary open-angle
glaucoma (POAG), which is the most common type of glaucoma [9]. Remodeling and excess
accumulation of extracellular matrix (ECM) materials, adhesive interactions, regulation
of the contractile properties of TM cells, and decreased permeability have been reported
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in glaucoma, and degeneration of outflow pathway tissues can lead to TM dysfunction
and AH outflow resistance, resulting in marked elevation of IOP [10–12]. Exfoliative
glaucoma (XFG) is a severe type of glaucoma characterized by greater IOP fluctuation,
visual field loss, and optic nerve damage compared to POAG [10,13]. Therefore, research is
needed to determine the pathogenesis, progression, and mechanism of XFG, to identify
potential therapeutic targets. Although abnormal accumulation of fibrillary ECM disrupts
the drainage of the AH [10,11], the precise mechanisms underlying the pathological changes
of the AH pathway in XFG are still unclear.

The transforming growth factor-beta (TGF-β) superfamily is a multifunctional family
of cytokines, including three specific genes encoding three different TGF-β isoforms (TGF-
β1–β3) [14]. The TGF-βs are known as profibrotic cytokines, which cause tissue fibrosis and
regulate the synthesis of ECM proteins involved in fibrosis in different tissues [5,15–17]. In the
human eye, the TGF-β family may play a role in glaucoma by regulating collagen synthesis
and causing tissue fibrosis, which participates in fibrotic glaucomatous pathologies in the
TM, resulting in IOP elevation [18] via both canonical and noncanonical pathways [19,20].

TGF-β2 is upregulated in patients with POAG, but downregulated in patients with
XFG, while TGF-β3 is markedly elevated in the AH of XFG patients compared to those
with other types of glaucoma [5,21–23]. Recently, we demonstrated that the aqueous
concentrations of lysophosphatidic acid (LPA) and the LPA-generating enzyme autotaxin
(ATX) were significantly correlated with IOP, and were higher in patients with secondary
open-angle glaucoma and XFG [24]. LPA is a major bioactive lipid mediator of fibrosis,
and enhances outflow resistance in the conventional pathway [25]. We also demonstrated
that TGF-β2 trans-signaling potently regulates ATX transcription and signaling in the TM,
which may regulate the pathogenesis of the different glaucoma subtypes [5].

Several studies have focused on evaluating the effects and mechanisms of action of
TGF-β1 and TGF-β2 in human trabecular meshwork (HTM) cells [5,26,27], while less is
known about TGF-β3. The modulatory effects of TGF-β3 on fibrosis in HTM cells, and the
potential correlation with the pathogenesis of XFG, are unclear. This study was performed
to investigate the role of TGF-β3 in fibrotic changes of HTM cells in vitro, and to determine
possible mechanisms of the pathogenesis of XFG related to the ATX signaling pathway.

2. Materials and Methods
2.1. AH Samples from Patients

AH samples were obtained from patients undergoing cataract surgery or glaucoma
surgery between March 2014 and December 2019 at the University of Tokyo Hospital and
three affiliated eye clinics. This prospective observational study was approved by the Insti-
tutional Review Board of the University of Tokyo and registered with the University Hospi-
tal Medical Information Network Clinical Trials Registry of Japan (ID: UMIN000027137).
All procedures conformed to the tenets of the Declaration of Helsinki. Each patient pro-
vided written informed consent. Patients with open-angle glaucoma were classified into
POAG and XFG groups, as described previously [28]. For age matching with XFG patients,
control subjects, and patients of normal tension glaucoma (NTG) and POAG with high IOP
into POAG group that aged ≥ 20 years were included. Exclusion criteria included other
types of glaucoma, such as primary angle-closure or congenital/developmental glaucoma,
and a previous history of intraocular surgery other than small-incision cataract surgery
without complications. When both eyes of a patient met the inclusion criteria, only the eye
treated first was included in the analyses.

Preoperative AH was obtained at the start of surgery before any incisional procedures,
using limbal paracentesis and a syringe with a 30-gauge needle. Approximately 70–100 µL
of AH was collected into a PROTEOSAVE SS 1.5 mL Slimtube (Sumitomo Bakelite, Tokyo,
Japan), registered, and stored at −80 ◦C until processing.
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2.2. Measurement of ATX, ATX Isoforms, TGF-β1, TGF-β2, and TGF-β3 in the AH

AH samples were collected as described previously [29]. Levels of ATX in the AH
were determined by a two-site immunoenzymatic assay with an ATX assay reagent using
the AIA system (Tosoh, Tokyo, Japan). TGF-β levels in the AH were measured using a
Bio-Plex Pro TGF-β assay kit (Bio-Rad Laboratories, Hercules, CA, USA) in accordance
with the manufacturer’s protocol.

2.3. Cell Culture and Passage

Primary HTM cells were isolated from human donor eyes without glaucoma (46, 52,
and 55 years old) and characterized as described previously [30], in accordance with the
method of Keller et al. [31]. HTM cells purchased from ScienCell Research Laboratories
(San Diego, CA, USA) were also characterized and used. Cells were cultured in Dulbecco’s
modified Eagle’s medium (DMEM) containing 10% fetal bovine serum (FBS) and antibiotic-
antimycotic solution (100×) (Sigma-Aldrich, St. Louis, MO, USA) at 37 ◦C and 5% CO2.

To examine the effects of TGF-β3 (Wako Pure Chemical Industries, Ltd., Osaka, Japan),
confluent HTM cells from passages 3 to 6 were incubated in a serum-free medium for
24 h. The cells were then treated with different concentrations of TGF-β3 for 72 h, with
or without adding Smad3 inhibitor (SIS3) at the same time. The medium was replaced
with the serum-free medium for 24 h after exposure. In the control group, the medium was
changed at the same time points but only the vehicle was added in place of TGF-β3 or SIS3.
All experiments were performed at least three times, and consistency was confirmed using
biological replicates.

2.4. WST-1 Assay

HTM cells viability was assessed using the WST-1 assay (Dojindo Co, Tokyo, Japan)
according to the manufacturer’s protocol. HTM cells were cultured in 96-well plates
overnight and then incubated in the serum-free medium for 24 h. The cells were treated
with TGF-β3 under the concentration of 100 ng/mL for 24 h and 72 h, and the cells’ survival
was measured using the multimode plate reader (PerkinElmer, Waltham, MA, USA).

2.5. Immunocytochemistry

Immunocytochemistry was performed as described previously [5,27]. The primary
antibodies were anti-ATX (1:200; MBL, Nagoya, Japan), anti-collagen type I alpha 1 chain
(COL1A1, 1:400; Rockland Immunochemicals, Limerick, PA, USA), anti-alpha-smooth
muscle actin (α-SMA, 1:400; Dako, Agilent, Santa Clara, CA, USA), anti-fibronectin (1:300;
Santa Cruz Biotechnology, Dallas, TX, USA), and rhodamine phalloidin (7:1000; Thermo
Fisher Scientific, Waltham, MA, USA). Alexa Fluor 488- and Alexa Fluor 594-conjugated
secondary antibodies (1:1000) were purchased from Thermo Fisher Scientific. Images were
obtained using a BX51 fluorescence microscope (Olympus, Tokyo, Japan), and quantitative
analyses of the immunocytochemistry were performed as described previously [29,32].

2.6. Real Time Quantitative Polymerase Chain Reaction (qPCR)

The cells were lysed using ISOGEN (Nippon Gene, Tokyo, Japan) and mRNA was
isolated using chloroform and isopropyl alcohol. A PrimeScript RT Reagent Kit (Takara
Bio, Shiga, Japan) was used to synthesize cDNA from mRNA after isolation. The mRNA
levels were quantified using the ∆∆Ct method, as described previously [33]. The se-
quences of primers purchased from Hokkaido System Science (Hokkaido, Japan) used
in this study were taken from previously published reports. The primers used for PCR
were as follows: COL1A1, forward, 5′-CAGCCGCTTCACCTACAGC-3′ and reverse, 5′-
TTTTGTATTCAATCACTGTCTTGCC-3′; fibronectin, forward, 5′-AAACCAATTCTTGGAG
CAGG-3′ and reverse, 5′-CCATAAAGGGCAACCAAGAG-3′; α-SMA, forward, 5′-CCGAC
CGAATGCAGAAGGA-3′ and reverse, 5′-ACAGAGTATTTGCGCTCCGAA-3′; connective
tissue growth factor (CTGF), forward, 5′-CTCCTGCAGGCTAGAGAAGC-3′ and reverse, 5′-
GATGCACTTTTTG CCCTTCTT-3′; ATX, forward, 5′-ACAACGAGGAGAGCTGCAAT-3′
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and reverse 5′-AGAAGTCCAGGCTGGTGAGA-3′; TGF-β1, forward, 5′-CCCAGCATCTGC
AAAGCTC-3′ and reverse 5′-GTCAATGTACAGCTGCCGCA-3′; TGF-β2, forward, 5′-
TGCCGCCCTTCTTCCCCTC-3′ and reverse 5′-GGAGCACAAGCTGCCCACTGA-3′; TGF-
β-induced protein, forward 5′-GTCCACAGCCATTGACCTTT-3′ and reverse 5′-GAGTTTC
CAGGGTCTGTCCA-3′; and GAPDH, forward, 5′-AATTCCATGGCACCGTCAAG-3′ and
reverse, 5′-ATCGCCCCACTTGATTTTGG-3′. The level of gene expression was normalized
relative to GAPDH.

2.7. Western Blotting

Western blotting was performed as described previously [33]. Briefly, cell lysates were
collected in RIPA buffer (Thermo Fisher Scientific) containing protease inhibitors (Roche
Diagnostics, Basel, Switzerland) after treatment. Protein concentrations were determined
by BCA Protein Assay Kit (Thermo Fisher Scientific) according to the manufacturer’s
protocol using bovine serum albumin as a standard. Protein extracts were separated
by SDS-PAGE and transferred to PVDF membranes (Bio-Rad Laboratories). Then, the
membranes were immersed in primary antibodies overnight at 4 ◦C. The primary antibodies
were anti-phospho-STAT3 (phosphorylation statuses of signal transducer and activator
of transcription 3, Tyr 705) (1:1000; Cell Signaling Technology, Inc., Danvers, MA, USA),
anti-STAT3 (79D7) (1:1000; Cell Signaling Technology, Inc.), anti-phospho-SAPK (stress-
activated protein kinase)/JNK (Jun amino terminal kinase) (Thy 183/Tyr185) (1:1000; Cell
Signaling Technology, Inc.), anti-SAPK/JNK (1:1000; Cell Signaling Technology, Inc.), and
anti-β-tubulin (1:1000; Wako Pure Chemical Industries, Ltd., Osaka, Japan). After washing,
the membranes were incubated with horseradish peroxidase-conjugated anti-mouse or
anti-rabbit secondary antibody (1:2000–1:5000; Thermo Fisher Scientific) for 1 h at room
temperature. The membranes were reacted with ECL substrate (Thermo Fisher Scientific)
followed by ImageQuant LAS 4000 mini (GE Healthcare, Chicago, IL, USA) and the bands
were quantified with ImageJ software (ver. 1.49, NIH, Bethesda, MD, USA).

2.8. Statistical Analysis

All statistical analyses were performed using SPSS version 22.0 (IBM Corp., Armonk,
NY, USA). Student’s t-test and Fisher’s exact test were used to compare two groups. The
Steel–Dwass test was carried out to compare multiple variables. A one-way ANOVA
followed by Tukey’s post-hoc test was used for the comparison of data among experimental
groups. The data are presented as mean ± standard error (SE) and mean ± standard
deviation (SD). In all analyses, p < 0.05 was taken to indicate statistical significance.

3. Results
3.1. The Levels of ATX, TGF-β1, TGF-β2, and TGF-β3 in the AH of POAG and XFG Patients

A total of 95 eyes of 95 patients, consisting of 39 eyes without any ocular complications
(control), 27 eyes with POAG, and 29 eyes with XFG, were included in the study. The
demographic characteristics of the study population are listed in Table 1.

Table 1. Demographic characteristics of the study population.

Variables Normal POAG XFG p Value

Patients (n) 39 27 29
Number of Eyes (n) 39 27 29

Gender Ratio (male:female) 18:21 16:11 19:10 NS *
Ages (years) 77.1 ± 3.9 76.1 ± 3.9 75.5 ± 7.8 NS **
IOP (mmHg) 13.2 ± 3.2 16.4 ± 5.0 20.7 ± 7.7 †, †† **

The data are shown as the mean ± SD. * Fisher’s exact test. ** Steel–Dwass test. † p < 0.01 between control and
POAG (Steel–Dwass test); †† p < 0.0001 between POAG and XFG (Steel–Dwass test). IOP, intraocular pressure;
POAG, primary open-angle glaucoma; XFG, exfoliation glaucoma.
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Aqueous ATX levels were significantly higher in the XFG than control and POAG
groups (both p < 0.001, Figure 1A). TGF-β1 levels were significantly higher in the XFG
group than the other groups (p < 0.001, Figure 1B). TGF-β2 levels were significantly higher
in the POAG than control and XFG groups (p < 0.05 and p < 0.001, respectively, Figure 1C).
TGF-β3 levels were significantly higher in the XFG group compared with the control and
POAG groups (both p < 0.001, Figure 1D). The average TGF-β3 level in the XFG group was
34.7 ± 6.2 (SD), with a maximum value of 135.35 pg/mL.
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Figure 1. Levels of ATX, TGF-β1, TGF-β2, and TGF-β3 in the AH. (A) The level of ATX, as measured
by immunoenzymetric assay was significantly higher in the XFG than control and POAG groups
(both p < 0.001). (B) The level of TGF-β1 was significantly higher in the XFG than control and POAG
groups (both p < 0.001). (C) The level of TGF-β2 showed the inverse tendency, especially between the
POAG and XFG groups (p < 0.05 between control and POAG, p < 0.001 between POAG and XFG).
(D) The level of TGF-β3 was significantly higher in the XFG than control and POAG groups (both
p < 0.001). * p < 0.05, *** p < 0.001.

3.2. Effects of TGF-β3 in HTM Cell Viability

We treated cultured HTM cells with 100 ng/mL of TGF-β3 to evaluate whether the high
concentration of TGF-β3 cause cytotoxic to the cells. After a stimulation with 100 ng/mL
TGF-β3 for 24 h, the results indicated that it did not induce significant changes in HTM
cells viability. Also, stimulating with 100 ng/mL TGF-β3 for 72 h did not induce significant
changes in cells viability compared to the control group (Supplementary Figure S1, n = 4).

3.3. Effects of TGF-β3 on COL1A1, CTGF, Fibronectin, and α-SMA in HTM Cells

We next investigated the effects of TGF-β3 on fibrogenic proteins in HTM cells. The
levels of COL1A1, CTGF, fibronectin, and α-SMA mRNA were significantly upregulated on
treatment with ≥0.1 ng/mL TGF-β3, in a dose-dependent manner (Figure 2A–D, n = 5). It
was suggested that TGF-β3 with a physiological concentration as low as 0.1 ng/mL, which
was comparable to the physiological AH concentration in the AH of XFG patients, can exert
significant effects on fibrotic changes in HTM cells, although the effects were stronger with
higher concentrations.
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Figure 2. Real-time qPCR analysis of the mRNA levels of (A) COL1A1, (B) CTGF, (C) fibronectin,
(D) α-SMA, (E) ATX, (F) TGF-β1, (G) TGF-β2, and (H) TGF-β-induced protein after stimulation with
different concentrations (0, 0.01, 0.1, 1, 10, 100 ng/mL) of TGF-β3 in HTM cells. The mRNA expression
levels of COL1A1, CTGF, fibronectin, α-SMA, TGF-β1, TGF-β2, and TGF-β-induced protein were
significantly increased after treatment with TGF-β3. The ATX mRNA level was significantly increased
with 0.1 ng/mL TGF-β3 treatment and significantly decreased with >1 ng/mL TGF-β3. GAPDH was
used as an internal control for normalization. Data are presented as the mean ± standard deviation.
* p < 0.05, ** p < 0.01, *** p < 0.001, n = 5.

3.4. Effects of TGF-β3 on ATX, TGF-β1, TGF-β2, and TGF-β-Induced Protein in HTM Cells

We also investigated the dose-dependent effects of TGF-β3 on ATX, TGF-β1, TGF-β2,
and TGF-β-induced protein expression in HTM cells by real-time qPCR. The results showed
that the relative expression of ATX mRNA was significantly increased on treatment with
0.1 ng/mL TGF-β3, but notably decreased with 1, 10, or 100 ng/mL TGF-β3 compared to
the control group (Figure 2E, n = 5). In comparison with the control group, the relative
level of TGF-β2 expression increased with higher concentrations of 10 and 100 ng/mL
TGF-β3, but there were no significant changes with concentrations < 10 ng/mL (Figure 2G,
n = 5). TGF-β1 and TGF-β-induced protein expression was significantly elevated after
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TGF-β3 treatment at higher concentrations up to 100 ng/mL, but there was no significant
upregulation with concentrations below 10 ng/mL (Figure 2F,H, n = 5).

3.5. Effects of TGF-β3 on the ATX-Related Transcription Factors via TGF-β Noncanonical
Pathway in HTM Cells

As we found that the TGF-β3 influenced ATX expression in a dose-dependent manner,
we next examined whether TGF-β3 influenced ATX expression through the noncanonical
pathway. To investigate the transcriptional regulation of ATX in HTM cells, western blotting
was performed to evaluate the levels of total (t)-STAT3 and phospho (p)-STAT3, as well as
total (t)-SAPK/JNK and phospho (p)-SAPK/JNK, as these transcription factors regulate
ATX expression [34].

As shown in Figure 3, treatment with TGF-β3 at 0.1 ng/mL significantly increased
t-STAT3 and p-STAT3 levels compared to the control group, while both were signif-
icantly lower in the 100 ng/mL TGF-β3 group compared to the 0.1 ng/mL TGF-β3
group (Figure 3B,C, n = 5). We also observed significant increases in t-SAPK/JNK and
p-SAPK/JNK after treatment with 0.01 and 0.1 ng/mL TGF-β3 compared with the control
group (Figure 3D,E, n = 5). In contrast, t-SAPK/JNK and p-SAPK/JNK were significantly
decreased by treatment with 100 ng/mL TGF-β3 compared to 0.1 ng/mL TGF-β3. These
results indicated that TGF-β3 supplementation increased the levels of total and phospho-
rylated STAT3 and SAPK/JNK at the lower concentration of 0.1 ng/mL, while they were
reduced by the high concentration of 100 ng/mL in HTM cells.
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3 (STAT3), and stress-activated protein kinase (SAPK)/Jun amino terminal kinase (JNK) in HTM cells.
Representative bands for STAT3 and SAPK/JNK are shown in (A). The total (t)-STAT3/β-tubulin ratio
(B) and phosphorylated (p)-STAT3/t-STAT3 ratio (C) in HTM cells were significantly increased after
treatment with 0.1 ng/mL TGF-β3 compared to controls, while the ratio was significantly decreased
by treatment with 100 ng/mL TGF-β3 in comparison to 0.1 ng/mL TGF-β3. The t-SAPK/JNK/β-
tubulin ratio (D) and p-SAPK/JNK/t-SAPK/JNK ratio (E) were significantly enhanced after treatment
with 0.01 and 0.1 ng/mL TGF-β3 compared to controls. However, the ratio was significantly reduced
by treatment with 10 and 100 ng/mL TGF-β3 in comparison to 0.1 ng/mL TGF-β3. The results are
expressed relative to the loading control (β-tubulin). * p < 0.05, ** p < 0.01, *** p < 0.001, n = 5.
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3.6. Effects of TGF-β3 on the Expression of ATX via TGF-β Canonical Pathway in HTM Cells

As shown in Figure 3, the noncanonical TGF-β pathway may be involved in TGF-β3
concentration-dependent regulation of ATX expression. To determine whether TGF-β3 also
regulates the changes in expression of ATX via the canonical TGF-β pathway in HTM cells,
the Smad3 inhibitor SIS3 was used to evaluate the effects of Smad pathway inhibition on
ATX expression by real-time qPCR and immunocytochemistry.

As shown in Figure 4A (n = 5), ATX mRNA expression was considerably increased
after treatment with 0.1 ng/mL TGF-β3, but significantly downregulated after stimulation
with TGF-β3 at a concentration of 100 ng/mL. The enhancement of ATX mRNA expression
induced by 0.1 ng/mL TGF-β3 treatment was significantly attenuated by cotreatment with
10 µM SIS3. Treatment with 100 ng/mL TGF-β3, and cotreatment with TGF-β3 and SIS3,
decreased the relative amounts of ATX to 0.09 ± 0.08 and 0.06 ± 0.02-fold, respectively,
showing that the level of ATX was unaffected by SIS3 in the presence of a high concentration
of TGF-β3. The suppression of ATX mRNA expression by 100 ng/mL TGF-β3 treatment
was not attenuated by SIS3, suggesting that the enhancement of ATX expression is partly
mediated by the canonical pathway, as well as the noncanonical pathway, while the effect
of a low concentration of TGF-β3 is mainly mediated by the canonical pathway.
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Figure 4. Real-time qPCR analysis of (A) ATX, (B) COL1A1, (C) CTGF, (D) fibronectin, and (E) α-
SMA mRNA expression after treatment by TGF-β3 with or without the Smad3 inhibitor, SIS3, in
HTM cells. The relative mRNA expression level of ATX was significantly upregulated by 0.1 ng/mL
TGF-β3 and suppressed with SIS3 cotreatment. The level of ATX was significantly decreased by
100 ng/mL TGF-β3 treatment, but did not change after cotreatment with SIS3. The relative expression
levels of COL1A1, CTGF, fibronectin, and α-SMA mRNA were significantly increased following
treatment with 0.1 and 100 ng/mL TGF-β3 compared with the controls, but these enhancements
were significantly decreased by cotreatment with SIS3. GAPDH was used as an internal control
for normalization. Data are presented as the mean ± standard deviation. * p < 0.05, ** p < 0.01,
*** p < 0.001, n = 5.

Immunohistochemical analysis showed that the level of ATX protein expression was
also significantly increased after treatment with 0.1 ng/mL TGF-β3 compared to the control
group, but reduced after treatment with TGF-β3 at a concentration of 100 ng/mL compared
to the 0.1 ng/mL TGF-β3 group significantly (Figure 5, n = 4). The upregulation of ATX
protein expression was attenuated by cotreatment with SIS3 significantly.
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Figure 5. (A) Immunocytochemistry of ATX in HTM cells stimulated with TGF-β3, with or without
the Smad3 inhibitor, SIS3, and (B) the quantitative results based on immunocytochemistry. The left
panels show cells stained for ATX (green). The middle panels show cells stained with 4′,6-diamidino-
2-phenylindole (DAPI, blue). The right panels show merged images. The expression of ATX was
increased with 0.1 ng/mL TGF-β3 treatment, and the change was attenuated by SIS3 treatment
significantly. Data are presented as the mean ± standard deviation. *** p < 0.001. Bar, 50 µm, n = 4.

3.7. TGF-β3 Affects Cytoskeletal Proteins and Fibrotic Changes via TGF-β Canonical Pathway in
HTM Cells

To determine whether the TGF-β canonical pathway was involved in the cytoskeletal
protein expression and fibrotic changes in HTM cells, we examined the effects of SIS3 and
cotreatment with TGF-β3 by real-time qPCR and immunocytochemistry.

As shown in Figures 6 and 7, treatment with 0.1 and 100 ng/mL TGF-β3 signif-
icantly upregulated COL1A1, α-SMA, F-actin, and fibronectin protein expression in a
dose-dependent manner. For protein expression of COL1A1, α-SMA, and fibronectin,
upregulations were attenuated by cotreatment with SIS3 significantly. Additionally, cotreat-
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ment with SIS3 significantly decreased the protein expression of F-actin that was treated
by 100 ng/mL TGF-β3. In addition, real-time qPCR showed that the levels of COL1A1,
CTGF, fibronectin, and α-SMA mRNA were significantly increased by treatment with both
0.1 and 100 ng/mL TGF-β3 compared to the controls (Figure 4B–E, n = 5). Cotreatment
with SIS3 significantly attenuated these changes. Taken together, these results suggest that
the physiological concentration of TGF-β3 can induce a fibrotic reaction in HTM cells, at
least partially via the canonical Smad3 pathway.

Biomolecules 2022, 12, x FOR PEER REVIEW 11 of 19 
 

with SIS3 significantly decreased the protein expression of F-actin that was treated by 100 

ng/mL TGF-β3. In addition, real-time qPCR showed that the levels of COL1A1, CTGF, 

fibronectin, and α-SMA mRNA were significantly increased by treatment with both 0.1 

and 100 ng/mL TGF-β3 compared to the controls (Figure 4B–E, n = 5). Cotreatment with 

SIS3 significantly attenuated these changes. Taken together, these results suggest that the 

physiological concentration of TGF-β3 can induce a fibrotic reaction in HTM cells, at least 

partially via the canonical Smad3 pathway. 

 

Figure 6. (A) Immunocytochemistry of COL1A1 and α-SMA in HTM cells treated with TGF-β3, with 

or without the Smad3 inhibitor, SIS3, and (B,C) the quantitative results based on 

immunocytochemistry. The left panels show cells stained for COL1A1 (red). The middle panels 

show cells stained for α-SMA (green). The right panels show merged images. The levels of COL1A1 

and α-SMA expression were increased with 0.1 and 100 ng/mL TGF-β3 treatment, but the changes 

were suppressed by cotreatment with SIS3 significantly. Data are presented as the mean ± standard 

deviation. * p < 0.05, ** p < 0.01, *** p < 0.001. Bar, 50 μm, n = 4. 

Figure 6. (A) Immunocytochemistry of COL1A1 and α-SMA in HTM cells treated with TGF-β3, with
or without the Smad3 inhibitor, SIS3, and (B,C) the quantitative results based on immunocytochem-
istry. The left panels show cells stained for COL1A1 (red). The middle panels show cells stained for
α-SMA (green). The right panels show merged images. The levels of COL1A1 and α-SMA expression
were increased with 0.1 and 100 ng/mL TGF-β3 treatment, but the changes were suppressed by
cotreatment with SIS3 significantly. Data are presented as the mean ± standard deviation. * p < 0.05,
** p < 0.01, *** p < 0.001. Bar, 50 µm, n = 4.
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Figure 7. (A) Immunocytochemistry of F-actin and fibronectin in HTM cells after treatment with
TGF-β3, with or without the Smad3 inhibitor, SIS3, and (B,C) the quantitative results based on
immunocytochemistry. The left panels show cells stained for F-actin (red). The middle panels
show cells stained for fibronectin (green). The right panels show merged images. The levels of
F-actin were increased by 0.1 and 100 ng/mL TGF-β3 significantly, but the changes treated with
100 ng/mL TGF-β3 were suppressed by cotreatment with SIS3 significantly. The levels of fibronectin
were significantly increased with 0.1 and 100 ng/mL TGF-β3, while the upregulated changes were
reduced by cotreatment with SIS3 significantly. Data are presented as the mean ± standard deviation.
* p < 0.05, ** p < 0.01, *** p < 0.001. Bar, 50 µm, n = 4.

4. Discussion

In this study, we analyzed the effects of TGF-β3 on HTM cells, and found that TGF
induced dose-dependent increases in the expression of COL1A1, CTGF, fibronectin, and
α-SMA, while these effects were attenuated by the Smad3 inhibitor of SIS3 in HTM cells. In
addition, TGF-β3 did not induce significant changes of HTM cells viability, but significantly
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upregulated TGF-β1, TGF-β2, and TGF-β-induced protein expression. The expression of
ATX was also significantly increased by TGF-β3 treatment in HTM cells, especially by the
lower concentration corresponding to the physiological level. This transactivation of ATX
appeared to be mediated through the noncanonical STAT3 and SAPK/JNK pathway, as
well as the canonical Smad3 pathway.

TGF-β2 has been suggested to play a critical role in the pathogenesis of POAG, based
on its elevated levels in the AH of patients with POAG and its ability to induce ECM
remodeling and TM fibrosis [35]. However, the molecular mechanisms involved in the
generation of a glaucomatous environment in the various glaucoma subtypes remain
unclear. Our previous in vitro and in vivo studies demonstrated that both TGF-β2 and
ATX/LPA were involved in increased aqueous outflow resistance and IOP elevation, but
the timing differed between these mediators, which may play specific roles in different
glaucoma subtypes.

Several studies, including ours, investigated the effects and underlying mechanisms of
TGF-β1 and TGF-β2 in HTM cells [5,26,27], but little is known about the action of TGF-β3
in HTM cells in vitro. XFG is a glaucoma subtype that causes more severe inflammation
in comparison to the other subtypes of glaucoma, as well as sustained fibrosis and a poor
prognosis [36]. We recently demonstrated that the levels of ATX and TGF-β3 in AH, which
were strongly associated with IOP elevation, were markedly higher in patients with XFG
than in controls and patients with other types of glaucoma [5,24]. We also reported that
TGF-β3 and ATX in the AH showed good diagnostic performance in detecting glaucoma
subtypes, and discriminated XFG from normal and POAG eyes; this indicated specific roles
of TGF-β3 and ATX in the pathogenesis of XFG [24,28].

In the present study of AH in patients with glaucoma, the levels of TGF-β3 and ATX
were significantly higher in XFG than the control group and POAG groups, whereas the
level of TGF-β2 was downregulated in the AH in an inverse manner, consistent with
results reported previously [24,28]. The concentration of TGF-β3 in the AH of XFG patients
was extremely low compared to those of TGF-β1 and TGF-β2. Generally, the bioactive
concentrations of TGF-βs in serum and tissue are higher than the amount in ng/mL [37];
however, it has also been reported that TGF-βs react with their receptors at lower con-
centrations of 0.5–20 pM [38]. Therefore, we first performed qPCR and investigated the
effects of TGF-β3 at different concentrations on fibrotic changes in HTM cells. As shown
in Figure 2, TGF-β3 induced fibrotic changes in a dose-dependent manner, which were
especially marked at higher concentrations. However, we also confirmed that the lower
physiological concentration of TGF-β3 was sufficient to promote fibrogenic reactions in
HTM cells.

Next, we explored the effects of TGF-β3 on ATX, TGF-β1, TGF-β2, and TGF-β-
induced protein expression. Notably, the mRNA and protein levels of ATX in HTM
cells were significantly upregulated by exogenous TGF-β3 treatment at the lower con-
centration of 0.1 ng/mL, but significantly downregulated at a concentration of 1 ng/mL
(Figures 2E and 4A). In contrast, there were no significant changes in the expression of
TGF-β1, TGF-β2, or TGF-β-induced protein with exogenous TGF-β3 treatment at concen-
trations below 10 ng/mL (Figure 2F–H). These findings highlight the differences in AH
concentrations of TGF-β3 and ATX in XFG.

The levels of TGF-β1 and TGF-β3 in the AH showed similar tendencies to the ATX
levels. TGF-β1 has also been suggested to play an important role in the pathogenesis
of glaucoma [39,40], and higher levels of the TGF-β1 isoform occur most commonly in
XFG [41]; however, it has been suggested that high IOP itself may induce the expression
of activated TGF-β1 in TM cells [42]. In addition, we previously found that the levels of
TGF-β1 in the AH were also high, similar to ATX, in secondary glaucoma patients with
Posner-Schlossman syndrome, but there was no significant correlation between TGF-β1 and
IOP [29]. Moreover, we showed that upregulation of ATX gene expression precedes TGF-β1
gene expression in our in vitro glaucoma model, suggesting that the induction of TGF-β1
expression is mediated by the ATX–LPA pathway via activation of the autocrine TGF-β1-
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Smad signaling pathway [29]. TGF-β1 may be at least partly involved in glaucomatous
changes in the TM, but is unlikely to play a major role in the glaucomatous eye. Therefore,
we focused on TGF-β3 to explore the specific role in HTM cells, and the relationship with
ATX, in the present study.

TGF-βs induce fibrotic changes in HTM cells and other tissues by activating the non-
canonical STAT3 and SAPK/JNK signaling pathways [5,20]. It was reported recently that
the STAT3 and SAPK/JNK signaling pathways affect the expression of ATX [5,34]. There-
fore, we next focused on the noncanonical pathways of STAT3 and SAPK/JNK, to analyze
the crosstalk and relation between TGF-β3 and ATX and elucidate the mechanism underly-
ing the pathogenesis of XFG. We used 0.1 and 100 ng/mL TGF-β3 to mimic physiological
and high concentrations, respectively, and to modify the effective TGF-β3 levels in the AH,
such that the mean TGF-β3 level in the AH was 34.67± 33.4 pg/mL, with a maximum of
135.4 pg/mL, in XFG (Figure 1).

As shown in Figure 3, t-STAT3, p-STAT3, t-SAPK/JNK, and p-SAPK/JNK were all
significantly upregulated by treatment with 0.1 ng/mL TGF-β3, and downregulated by
treatment with >0.1 ng/mL TGF-β3, compared to the 0.1 ng/mL TGF-β3 group. This
concentration-dependent effect of TGF-β3 on STAT3 and SAPK/JNK expression showed a
strong correlation with the ATX mRNA level, exhibiting a similar tendency to, and coin-
ciding with the changes in, ATX expression. STAT3 is a direct transcriptional regulator of
ATX, which is positively correlated with ATX expression [34,43]. In addition, we reported
previously that the level of TGF-β3 was unaffected by ATX treatment in HTM cells [5],
consistent with the present results suggesting that ATX is either a downstream mediator
of, or is predominantly mediated by, TGF-β3. Therefore, we hypothesized that the con-
centration of ATX in the AH of XFG patients can be mediated by regulation of TGF-β3
through the STAT3 and SAPK/JNK signaling pathways. Further studies are needed to
verify this hypothesis.

ATX was found to be a common constituent in the AH, and inhibition of ATX decreased
the IOP in a rabbit model [44], indicating that it plays a crucial role in IOP regulation. ATX
is a secreted enzyme that catalyzes the hydrolysis of lysophosphatidylcholine (LPC) to
generate LPA [45]. LPA is a phospholipid mediator, the action of which is mediated by
G protein-coupled receptors that evoke certain responses and induce actin stress fiber
formation in almost all cell types, including HTM cells [44,46,47]. A number of studies
have shown that the ATX–LPA signaling axis is involved in inflammation, wound healing,
fibrosis, cancer, and metastasis [45–49]. In particular, the ATX–LPA pathway was shown
to mediate fibrotic changes in HTM cells [28]. Dysregulation of the ATX–LPA pathway
was shown to be involved in the pathogenesis of fibrosis via stimulation of Rho-mediated
cytoskeletal remodeling, CTGF expression, cell contractility, and ECM deposition in HTM
cells [44,50]. These observations were consistent with our finding that 0.1 ng/mL TGF-β3
significantly enhanced the expression of ATX, which may increase the levels of COL1A1,
CTGF, fibronectin, and α-SMA in an autocrine or paracrine manner. However, as this was a
shot-term in vitro study, further investigations will be needed to determine the effects of
such trans-signaling between TGF-β3 and ATX on the fibrotic changes in HTM cells seen
in glaucoma.

Interestingly, stimulation with 100 ng/mL TGF-β3 reduced the level of ATX, while
COL1A1, CTGF, fibronectin, and α-SMA expression remained significantly elevated. To
examine this phenomenon, we tested the effects of TGF-β3 on TGF-β1, TGF-β2, and TGF-
β-induced protein expression, as several groups have demonstrated that TGF-β1 and
TGF-β2 strongly upregulate the expression of CTGF and ECM in HTM cells through the
canonical Smad3 pathway [5,16,20]. In addition, inhibition of TGF-β-induced protein
expression increased TGF-β1 [51]. Our results showed that 0.1 ng/mL TGF-β3 had no
effect on TGF-β1, TGF-β2, or TGF-β-induced protein expression in comparison to the
control group. In contrast, the expression of TGF-β2 was significantly increased following
treatment with ≥10 ng/mL TGF-β3, and TGF-β1 and TGF-β-induced protein expression
was significantly upregulated by stimulation with 100 ng/mL TGF-β3 compared to controls.
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The upregulation of TGF-β2 mRNA expression was greater than that of TGF-β1 following
treatment with 100 ng/mL TGF-β3, which may have been due to the increase in TGF-β-
induced protein which reduced the level of TGF-β1. Therefore, we assumed that COL1A1,
CTGF, fibronectin, and α-SMA were mainly upregulated by the effects of TGF-β2 instead
of TGF-β1 when treated with 100 ng/mL TGF-β3.

To better understand the effects of TGF-β3 on ATX expression and ECM deposition, we
further analyzed the TGF-βs canonical pathway using the Smad3 inhibitor, SIS3. The results
of immunochemical analyses showed that treatment with 0.1 ng/mL TGF-β3 induced a
greater increase in ATX, while cotreatment with SIS3 reduced this effect. Treatment with
0.1 and 100 ng/mL TGF-β3 induced changes in the distribution of F-actin and upregulated
fibronectin, COL1A1, and α-SMA protein expression. These effects were attenuated by
cotreatment with the SIS3. The COL1A1, CTGF, fibronectin, and α-SMA mRNA levels were
upregulated by treatment with 0.1 and 100 ng/mL TGF-β3, while their expression was
significantly attenuated following the addition of SIS3. Previous studies have shown that
TGF-β3 has antifibrotic activity and plays an important role in inhibiting tissue fibrosis in
human corneal cells and cardiac fibroblasts [18,52,53], while TGF-β3 significantly induced
fibrotic changes in the present study. This discrepancy with previous reports may have been
due to the lower concentrations and different cells used in the present study. The level of
ATX mRNA expression was increased by 0.1 ng/mL TGF-β3 and significantly suppressed
by treatment with SIS3. When stimulated with 100 ng/mL TGF-β3, the level of ATX was
significantly reduced, but there were no significant differences after adding SIS3. This
may have been because the trans-activation of TGF-β3 is mediated by both noncanonical
signaling pathways and the canonical Smad pathway, where the noncanonical pathway
may be predominantly responsible for the suppression of ATX expression induced by the
treatment with the higher concentration of TGF-β3.

Several recent studies evaluated the roles of TGF-β1 and TGF-β2 in the pathogenesis
of glaucoma using HTM cells [4,26,27]. Compared to the concentrations of TGF-β1 and
TGF-β2, the level of TGF-β3 in the AH was low. However, the high level of TGF-β3
in patients with XFG suggests that TGF-β3 signaling may be an important therapeutic
target for XFG, and we found that the physiological concentration of TGF-β3 can affect
the fibrotic reaction in HTM cells and trans-signaling via the ATX–LPA pathway indeed.
To the best of our knowledge, this is the first study to investigate the effects of TGF-β3 in
HTM cells by acting on ATX, and the fibrotic changes in HTM cells appeared to involve the
STAT3, SAPK/JNK, and Smad3 pathways. We also elucidated the potential mechanism
and pathways involved in the pathogenesis of XFG, and hypothesized that the ATX–LPA–
CTGF pathway may mediate the TGF-β3-induced cytoskeletal and fibrotic changes in HTM
cells responsible for IOP elevation. We are aware of the limitation of our study that we
observed the fibrogenic change of TM cells induced by the TGF-β3 at 72 h after stimulation,
but it may be possible that the fibrogenic effect could be mediated by the trans-signaling
and resultantly secreted other molecules. Furthermore, it may be also possible that the
concentration-dependent reaction of TGF-β3 may be a common mechanism of action of
these cytokines or a paradox effect triggered by unknown pathways. Further study will
be needed to investigate the underlying mechanism between the alteration of TGF-β3 and
ATX, or resultant cellular behavior.

XFG is a severe type of glaucoma causing greater IOP elevation, visual field loss, and
optic nerve damage than other subtypes. However, there are still no effective treatments for
this disease. Our study demonstrated the potential role of the TGF-β3–ATX–LPA–CTGF
signaling pathway in the pathogenesis of XFG via regulation of the conventional outflow
pathway (Figure 8). Although multiple complex physiological processes are likely involved
in the pathology of XFG, inhibition of TGF-β3-ATX trans-signaling is a potential target to
attenuate disease progression in patients with XFG.
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