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PURPOSE. The multifunctional profibrotic cytokine TGF-β2 is implicated in the patho-
physiology of primary open angle glaucoma (POAG). While the underlying cause of
POAG remains unclear, TGF-β2 dependent remodeling of the extracellular matrix (ECM)
within the trabecular meshwork (TM) microenvironment is considered an early patho-
logic consequence associated with impaired aqueous humor (AH) outflow and elevated
IOP. Mitochondrial-targeted antioxidants have been recently shown by our group to
markedly attenuate TGF-β2 profibrotic responses, strongly implicating oxidative stress as
a key facilitator of TGF-β2 signaling in human TM cells. In this study, we determined the
mechanism by which oxidative stress facilitates TGF-β2 profibrotic responses in cultured
primary human TM cells.

METHODS. Semiconfluent cultures of primary or transformed human TM cells were condi-
tioned overnight in serum-free media and subsequently challenged without or with TGF-
β2 (5 ng/mL). Relative changes in the mRNA content of nicotinamide adenine dinu-
cleotide phosphate (NADPH) oxidase (Nox) isoforms, connective tissue growth factor
(CTGF), collagen 1α1 and 4α1 isoforms or relative changes in the protein content of
Nox4, phospho- and total-Smad2 and -Smad3, collagens I and IV were determined in the
absence or presence of GKT137831, a Nox1-Nox4 dual enzyme inhibitor, and quantified
by real-time qPCR or by immunoblot, respectively. Relative in situ changes in collagens
I and IV and in alpha smooth muscle actin (αSMA) were semiquantified by immuno-
cytochemistry, whereas relative changes in filamentous actin stress fiber formation was
semiquantified by phalloidin staining.

RESULTS. Quiescent primary human TM cells cultured in the presence of TGF-β2 exhibited
a marked selective increase in endogenous Nox4 mRNA and Nox4 protein expression.
Actinomycin D prevented TGF-β2 mediated increases in Nox4 mRNA expression. TM cells
reverse transfected with siRNA against Smad3 prevented TGF-β2 mediated increases in
Nox4 mRNA expression. Pre-incubating TM cells with GKT137831 attenuated TGF-β2
mediated increases in intracellular reactive oxygen species (ROS), in COL1A1, COL4A1,
and CTGF mRNA expression, in Smad3 protein phosphorylation, in collagens I, collagens
IV, and αSMA protein expression, and in filamentous actin stress fiber formation.

CONCLUSIONS. TGF-β2 promotes oxidative stress in primary human TM cells by selec-
tively increasing expression of NADPH oxidase 4. Dysregulation of redox equilibrium
by induction of NADPH oxidase 4 expression appears to be a key early event involved
in the pathologic profibrotic responses elicited by TGF-β2 canonical signaling, includ-
ing ECM remodeling, filamentous actin stress fiber formation, and αSMA expression.
Selective inhibition of Nox4 expression/activation, in combination with mitochondrial-
targeted antioxidants, represents a novel strategy by which to slow the progression of
TGF-β2 elicited profibrotic responses within the TM.
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P rimary open-angle glaucoma (POAG) is the leading
cause of irreversible blindness worldwide. Currently,

nearly 3 million Americans and approximately 60.5 million
people globally are affected by this indolent progressive
ocular disorder.1–3 Estimated to affect 111.8 million people
by the year 2040, glaucoma remains a major socioeco-

nomic strain on the global economy. Known risk factors
for development of POAG include advancing age, ethnic
background (i.e. 3–4 times more prevalent among African
Americans compared with non-Hispanic White ethnici-
ties), and elevated intraocular pressure (IOP).2,4 Although
the loss of retinal ganglion cells (RGCs) and associated
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degeneration of the optic nerve contributes to the irre-
versible vision loss, lowering IOP either by pharmacologi-
cal or surgical intervention remains the first-line therapeu-
tic approach to slow disease progression.5,6 Lowering IOP,
however, is not without limitations and include (i) the pres-
ence of patient nonresponders, (ii) variable patient compli-
ance with IOP lowering agents, (iii) advancing patient age,
and (iv) the indolent and progressive nature of POAG.7

Whereas the underlying cause of POAG remains poorly
defined, many laboratories have examined in detail the role
transforming growth factor-β2 (TGF-β2) plays in the patho-
genesis of POAG. TGF-β2 is a multifunctional cytokine and
a member of the TGF-β superfamily of growth factors that
is significantly elevated in aqueous humor (AH) of some
patients with POAG.8,9 Numerous experimental studies now
support a pathologic role for TGF-β2 in the development
of elevated IOP associated with POAG.10–13 In healthy eyes,
IOP is maintained by a balanced equilibrium between AH
production and AH outflow.14,15 Elevated IOP in affected
patients with POAG has been largely attributed to a reduc-
tion in AH outflow secondary to pathological changes affect-
ing the trabecular meshwork (TM) outflow pathway.16–18

Profibrotic changes elicited by TGF-β2 within the TM have
been implicated at increasing IOP and include altered
turnover of extracellular matrix (ECM) components, forma-
tion of cross-linked actin networks (CLANS), upregulation of
alpha smooth muscle actin (αSMA), and aberrant formation
of actin stress fibers.10–13 Despite advancements elucidating
the mechanistic details by which TGF-β2 confers pathologi-
cal changes to the TM, the molecular pathways responsible
for the initiation and underlying cause of POAG remains to
be determined.

Oxidative stress, implicated in the pathology of many
neurodegenerative diseases, is now recognized as an
early key facilitator to the pathophysiology of POAG.19,20

Supported by numerous studies documenting (i) elevated
levels of oxidative stress markers within the AH of affected
patients with POAG,21,22 (ii) increased resistance to AH
outflow by H2O2 induced TM degeneration,20,23,24 and
(iii) altered expression of antioxidant defenses (superoxide
dismutase [SOD], catalase, and glutathione pathways) in TM
of patients with glaucoma,25,26 the human TM is exquisitely
vulnerable to oxidative damage.27 Free radicals and reactive
oxygen species (ROS) are known to specifically affect the
cellularity of the human TM.28 Selective oxidative damage to
TM mitochondria may elicit TM cell dysfunction.29 Increases
in ROS production associated with POAG may arise as a
consequence of mitochondrial dysfunction.30 Recent in vitro
findings from our laboratory demonstrate that TGF-β2 elic-
its a marked increase in oxidative stress within human TM
cells.31 Collectively, the following observations from these
and related studies32 can be made: (i) TGF-β alone induces
the generation of mitochondrial ROS from complex III of
the electron transport chain, (ii) mitochondrial generated
ROS are required for TGF-β induced gene expression down-
stream of Smad3 phosphorylation and nuclear translocation,
(iii) TGF-β induced transcription of nicotinamide adenine
dinucleotide phosphate (NADPH) oxidase 4 requires mito-
chondrial generated ROS establishing a feed-forward loop
leading to increased intracellular ROS, and (iv) blocking
mitochondrial ROS generation with targeted antioxidants
(MitoQ or XJB-5-131) markedly attenuates TGF-β induced
profibrotic gene expression.31,32

In this study, we investigated the molecular origins of
TGF-β2 mediated oxidative stress in human TM cells. TGF-β2

was found to selectively elicit a marked increase in NADPH
oxidase 4 mRNA and protein expression. Dysregulation of
redox balance by induction of NADPH oxidase 4 expression
appears to be a key early upstream event involved in the
pathologic profibrotic responses elicited by TGF-β2 signal-
ing. We propose that selective inhibition of NADPH oxidase
4 expression/activation, in combination with mitochondrial-
targeted antioxidants, represents a novel strategy by which
to restore redox balance to oxidatively stressed TM.

METHODS

Human Trabecular Meshwork Cell Culture

The use of human material in this study was approved
by the Edward Hines Jr. VA Hospital institutional review
board. Fresh corneoscleral rims were received in Optisol
corneal storage medium from the Illinois Eye Bank (Chicago,
IL, USA) at the time of corneal transplant, and primary
human TM cell isolates were prepared from collagenase type
1 (4 mg/mL; Worthington Biochemical Corp., Lakewood,
NJ, USA), -dispase II (10 mg/mL; Sigma-Aldrich, St. Louis,
MO, USA) digested TM tissue, as previously described.33

To objectively validate the identity and stability of isolated
TM cells, human primary TM cultures were routinely chal-
lenged with dexamethasone and analyzed for expression
and release of myocilin, as previously described.31 Consis-
tent with published recommendations,34 cultured primary
TM cells from two separate donors (0824 and 2799) were
restricted to no more than eight passages and were main-
tained in either low-glucose (5.6 mM) Dulbecco’s Modified
Eagles Media (DMEM; Sigma-Aldrich) supplemented with
10% fetal bovine serum (ThermoFisher Scientific, Ashville,
NC, USA), 100 U/mL penicillin, 100 μg/mL streptomycin,
and 0.25 μg/mL amphotericin B (ThermoFisher Scientific),
or low-glucose (5.6 mM) Minimum Essential Media (MEM)
supplemented with 10% fetal bovine serum, 5% adult bovine
serum, essential and nonessential amino acids, 100 U/mL
penicillin, 100 μg/mL streptomycin, and 0.25 μg/mL ampho-
tericin B. SV40-transformed human TM cells (GTM3) were a
generous gift from Alcon Laboratories (Fort Worth, TX, USA)
and were cultured in low-glucose (5.6 mM) DMEM supple-
mented with 10% fetal bovine serum, 100 U/mL penicillin,
100 mg/mL streptomycin, and 0.25 μg/mL amphotericin B.

Treatment

Semiconfluent cultures of primary or transformed (GTM3)
human TM cells were incubated overnight in serum-
free culture media unless noted otherwise. Serum-starved
cultures were treated in the absence (vehicle, 2 μM HCl)
or presence of recombinant human TGF-β2 (5 ng/mL; R&D
Systems, Inc. [Tocris], Minneapolis, MN, USA, or Cell Signal-
ing Technology, Danvers, MA, USA) for 24 hours unless
noted otherwise. In some experiments, cells were pretreated
(2 hours at 37°C) with SB-431542 (10 μM; Sigma-Aldrich),
or with GKT-137831 (20 μM, a selective Nox1-Nox4 dual
inhibitor; Cayman Chemicals, Ann Arbor, MI USA). In other
experiments, TM cells were reverse transfected with either
20 nM scrambled siRNA (Silencer Select predesigned; Ther-
moFisher Scientific), with 20 nM siRNA directed against
Smad2 (S8397), or Smad3 (S8402) using 0.6% Lipofectamine
RNAiMAX according to the manufacturer’s protocol (Ther-
moFisher Scientific) as previously described.35
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TABLE. Human Specific Primer Pairs Used in qPCR Experiments

Gene 5′-Sense-3′, Forward 5′-Antisense-3′, Reverse Product Size, bp

Nox1 ACA AAT TCC AGT GTG CAG ACC AC AGA CTG GAA TAT CGG TGA CAG CA 247 (var. 2) 394 (var. 1, 3)
Nox2 GGG CTG TTC AAT GCT TGT GGC T ACA TCT TTC TCC TCA TCA TGG TGC 413
Nox3 ATG AAC ACC TCT GGG GTC AGC TGA GGA TCG GAG TCA CTC CCT TCG CTG 458
Nox4 CAC CTC TGC CTG TTC ATC TG GGC TCT GCT TAG ACA CAA TCC 128 (var. 4, X6) 132 (var. 1, 4B)
Nox5 ATC AAG CGG CCC CCT TTT TTT CAC CTC ATT GTC ACA CTC CTC GAC AGC 239

P22 phox GTG TTT GTG TGC CTG CTG GAG T CTG GGC GGC TGC TTG ATG GT 320
COL1A1 CTA AAG GCG AAC CTG GTG AT TCC AGG AGC ACC AAC ATT AC 107
COL4A1 CGG GCC CTA AAG GAG ATA AAG GAA CCT GGA AAC CCA GGA AT 115
CTGF GGC TTA CCG ACT GGA AGA C AGG AGG CGT TGT CAT TGG 143
GAPDH ACC ACA GTC CAT GCC ATC AC CCA CCA CCC TGT TGC TGT A 451

Real-Time qPCR

Total RNA from TM cells was isolated using TRIzol
reagent (ThermoFisher Scientific), quantified (NanoDrop
2000; Thermo Scientific,Wilmington, DE, USA), and 1 μg was
reverse transcribed using iScript Supermix (Bio-Rad Labora-
tories, Hercules, CA, USA). The cDNA sequences were ampli-
fied by real-time (iQ SYBR Green Supermix; Bio-Rad Labo-
ratories) PCR using a 96-well CFX Connect PCR detection
system with published human specific primer pairs (Table).
Human-specific glyceraldehyde 3-phosphate dehydrogenase
(GAPDH) primer pairs were used as a reference control.
For each sample, the specificity of the real-time reaction
product was determined by melt curve analysis. Reaction
efficiencies for all primer pairs were typically >90% when
cDNA templates were amplified for 40 cycles using a melting
temperature of 95°C × 30 seconds, an annealing tempera-
ture of 60°C × 45 seconds, and an elongation temperature of
72°C × 30 seconds. The endogenous expression of GAPDH
was unaltered by drug treatment (data not shown). Rela-
tive fold changes in gene expression in each sample were
normalized to expressed levels of GAPDH and analyzed by
the 2−��Ct method of Livak.36

Immunoblot Analysis

In separate experiments, treated cells were lysed with either
20 mM Tris buffer (pH 7.5) containing 150 mM NaCl, 1%
Triton X-100, and 1 mM EDTA supplemented with a cock-
tail of protease (Roche Diagnostics Corp., Indianapolis, IN,
USA) and phosphatase (Sigma-Aldrich) inhibitors and subse-
quently clarified by centrifugation (20,000g × 10 minutes at
4°C) for phospho- and total-Smad protein analyses or with
2 times Laemmli sample buffer. To analyze secreted proteins,
equal aliquots of conditioned media were collected and
concentrated by centrifugal filtration (Amicon ultra centrifu-
gal filters, 10-kDa cutoff; MilliporeSigma, Burlington, MA,
USA). Clarified cell lysates and concentrated conditioned
media were stored at -80°C until use. Protein concentra-
tions in cell lysates and in culture media concentrates were
determined by the BCA method (ThermoFisher Scientific)
using BSA as a standard. Proteins (10 μg proteins per
lane) in cell lysates or concentrated media were resolved
by 4% to 20% SDS-PAGE gel electrophoresis either under
reducing/denaturing (for Smads, collagens IV) or reducing
(collagen I) conditions and electrotransferred overnight onto
0.2 μm nitrocellulose membranes. Membranes were blocked
with 5% Carnation non-fat dried milk (Nestle, Arlington, VA,
USA) in 10 mM Tris buffer (pH 7.4) containing 0.1% Tween
20 for 1 hour at 23°C, incubated overnight at 4°C in the

presence of a 1:1000 dilution of rabbit monoclonal: (i) anti-
Smad2 (clone 86F7), (ii) anti-phospho-Smad2 (clone 138D4;
Ser465/467), (iii) anti-Smad3 (clone C67H9), or (iv) anti-
phospho-Smad3 (clone C25A9; Ser423/425) primary anti-
body from Cell Signaling Technology. To quantify rela-
tive changes in Nox4 protein content, a 1:2000 dilution
of rabbit monoclonal anti-NADPH oxidase 4 (ab133303;
Abcam, Cambridge, MA, USA) primary antibody was used,
as indicated. Relative changes in collagens were determined
using a 1:1000 dilution of sheep polyclonal anti-collagen
1α1 (AF6220-SP; R&D Systems Inc., Minneapolis, MN, USA)
or a 1:1000 dilution of rabbit polyclonal anti-collagen IV
(ab6586; Abcam) primary antibodies were used as indicated.
Immunostained membranes were washed in Tris-Tween
buffer and incubated for 1 hour at 23°C with a 1:10,000
dilution of goat anti-rabbit IgG (Jackson ImmunoResearch
Labs, Inc, West Grove, PA, USA) or a 1:1000 dilution of goat
anti-sheep IgG (R&D Systems, Inc.) horseradish peroxidase-
conjugated secondary antibodies, respectively. Immunos-
tained proteins were visualized using Supersignal West Pico
chemiluminescent substrate (ThermoFisher Scientific). Rela-
tive changes in protein content were quantified by densito-
metry and normalized to total Smad or total GAPDH content,
as indicated.

Quantification of Oxidative Stress

Intracellular ROS were detected using the oxidation-
sensitive fluorogenic dyes CellROX green (Life Tech-
nologies, Grand Island, NY, USA) or 6-carboxy-2′,7′-
dichlorodihydrofluorescein diacetate (Carboxy-H2DCFDA;
ThermoFisher Scientific). For quantitative assessment of
oxidative stress using CellROX green, TM cells were cultured
in 8-well Nunc Lab-Tek II chambered glass slides (Ther-
moFisher Scientific) to near confluency, serum-starved
overnight, and subsequently treated as described above.
CellROX green (5 μM) was added to the final 30 minutes
of treatment. Dye-loaded cells were rinsed with ice cold
PBS and fixed for 20 minutes at 23°C by immersion in
4% buffered (pH 7.4) paraformaldehyde. Fixed cells were
rinsed, air dried, and mounted with Fluoroshield containing
4′,6′-diamidino-2 phenylindole (DAPI). Cells were imaged
using a Leica TCS SPE confocal microscope (Leica MicroSys-
tems, Buffalo Grove, IL, USA) and LAS-X imaging suite. All
cells’ fields were imaged under identical confocal conditions
using identical software settings. For quantitative assess-
ment of oxidative stress using carboxy-H2DCFDA, TM cells
were cultured in 96-well plates to near confluency, serum-
starved overnight, and subsequently incubated with 10 μM
carboxy-H2DCFDA at 37°C for 30 minutes, as we have
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previously described.31 Carboxy-H2DCFDA pre-loaded cells
were washed to remove excess dye and then treated as
described above. Dichlorofluorescein diacetate fluorescence
was quantified using a Labtech FLUOstar Optima luminome-
ter (BMG Labtech, Cary, NC, USA) at 488-nm excitation/
520-nm emission wavelengths.

Immunocytochemistry

TM cells were cultured in 8-well Nunc Lab-Tek II cham-
bered glass slides (ThermoFisher Scientific) to near conflu-
ency, serum-starved overnight, and subsequently treated as
described above. Treated TM cells were rinsed with PBS
(pH 7.4) and fixed for 20 minutes at 23°C by immersion in
4% buffered (pH 7.4) paraformaldehyde. Fixed cells were
permeabilized for 20 minutes at 23°C with 0.05% Triton
X-100 (for ECM proteins) or 0.1% Triton X-100 (for Smad2,
Smad3, filamentous actin, and αSMA proteins) in PBS,

FIGURE 1. TGF-β2 selectively increases Nox4 mRNA expression
in primary human TM cells. Serum-starved confluent cultures
of primary TM cells were treated (24 hours) with vehicle (0.1%
DMSO) or TGF-β2 (5 ng/mL) and (A) relative fold changes in
GAPDH-normalized Nox mRNA and p22phox mRNA isoform expres-
sion were quantified by qPCR, as indicated. (B) Time-dependent
GAPDH-normalized Nox4 mRNA expression in TM cell cultures
assayed in the absence (vehicle) or presence of TGF-β2 (5 ng/mL)
treated without (solid circles) or with actinomycin D (1 μM for 1
hour) prior to (solid squares) or at 8 hours post TGF-β2 treatment
(open diamonds). The continued presence of TGF-β2 (semi-solid
diamonds) in the presence of actinomycin D did not alter Nox4
mRNA degradation. Data shown in A and B are the means ± SD
(N = 3–5 replicate wells per condition) from separate experiments.
***P < 0.0001; 1-way ANOVA with Tukey’s post hoc analysis.

blocked for 1 hour at 23°C with 5% BSA in PBS, and subse-
quently incubated overnight at 4°C in the presence of a 1:500
dilution of either sheep polyclonal anti-collagen 1α1 (AF-
662-SP; R&D Systems, Minneapolis, MN, USA), rabbit poly-
clonal anti-collagen IV (ab6586; Abcam), rabbit monoclonal
anti-Smad2 (clone 86F7; Cell Signaling Technology) or anti-
Smad3 (clone C67H9; Cell Signaling Technology), or rabbit
polyclonal anti-αSMA (ab5964, Abcam) primary antibody in
1% BSA, as indicated. Immunostained cells were washed
in PBS, incubated for 1 hour at 23°C with a 1:400 dilution
of either AlexaFluor 488-conjugated goat anti-sheep IgG or
1:400 dilution of AlexaFluor 594-conjugated goat anti-rabbit
IgG secondary antibody (ThermoFisher Scientific), respec-
tively. Filamentous actin stress fibers organization was deter-
mined by immunofluorescence with Alexa 488-conjugated
phalloidin, as previously described.33 Slides were mounted
with Fluoroshield containing 4′,6′- DAPI and imaged using
a Leica TCS SPE confocal microscope (Leica MicroSystems)

FIGURE 2. Smad3-knockdown prevents TGF-β2 mediated
increases in Nox4 mRNA expression. TM cells were reverse
transfected with siRNA (20 nM for 72 hours) against Smad2, Smad3,
or scrambled (control), serum starved overnight, and subsequently
treated without (vehicle) or with TGF-β2 (5 ng/mL for 24 hours),
as indicated. Data shown are the means ± SD (N = 3 replicate
wells per condition) from a single experiment representative of two
additional experiments. **P < 0.001, 1-way ANOVA with Tukey’s
post hoc analysis. (A) GAPDH-normalized Nox4 mRNA expression
quantified by qPCR. (B) Representative immunoblot of total Smad2
or total Smad3 proteins present in lysates from TM cells reverse
transfected with vehicle or siRNA (20 nM) against Smad2 or Smad3
or with control scrambled siRNA (Scr.), as indicated. GAPDH,
glyceraldehyde phosphate dehydrogenase protein loading controls.
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and LAS-X imaging suite. Fluorescent images were Z-stacked
at 1-μm steps acquired from below the base of the cells to
the top of the cells. Relative fluorescence intensities from
images were semi-quantified using Image J (National Insti-
tutes of Health, Bethesda, MD, USA) with results expressed
as background-corrected integrated fluorescence density.

Statistical Analysis

Unless otherwise specified, results are expressed as the
mean ± SD of triplicate cultures, repeated at least two addi-
tional times. Statistical significance of parametric data was
determined by Student’s t-test. Significance between multi-
ple groups was determined by 1-way ANOVA using a Tukey’s
post hoc analysis. In each case, P < 0.05; was considered
statistically significant.

RESULTS

NADPH Oxidase mRNA Expression in Human TM
Cells

Quiescent human primary TM cells cultured in serum-free
medium constitutively express detectable amounts of all five
known mRNA isoforms of NADPH oxidase, albeit at low
(Ct >35) endogenous levels, relative to GAPDH expression
(Fig. 1A). By comparison, the GAPDH-normalized mRNA
content of the obligate membrane accessory protein p22phox

was constitutively higher (Ct = 26.0 ± 0.4). Relative levels
of the dual oxidases 1 and 2 were not determined in this
study. Culturing quiescent cells in the presence of the profi-
brotic cytokine TGF-β2 had only a marginal effect on Nox1,
Nox2, Nox3, Nox5, or on p22phox mRNA expression. In
contrast, TGF-β2 elicited a marked (>200-fold) increase in

Nox4 mRNA content relative to GAPDH expression (see
Fig. 1A) that was detectable within 2 hours of stimulation
and cumulative over the 24 hours examined (Fig. 1B). To
determine whether TGF-β2 elicits a selective increase in
constitutive Nox4 gene expression or in Nox4 mRNA stabil-
ity, in a separate experiment, we challenged TM cells with
TGF-β2 in the absence or presence of actinomycin D, an
inhibitor of gene transcription. TGF-β2 reproducibly elicited
a time-dependent increase in Nox4 mRNA content (see solid
circles, Fig. 1B). However, pretreating TM cells with actino-
mycin D completely prevented TGF-β2-mediated increases
in Nox4 mRNA expression (see solid squares, Fig. 1B). The
delayed addition of actinomycin D to TGF-β2 treated (8
hours only) cells (see open diamonds, Fig. 1B) or to cells in
the presence of both TGF-β2 and actinomycin D (see semi-
solid diamonds, Fig. 1B) resulted in a subsequent decline
in TGF-β2-mediated Nox4 mRNA relative content. These
data suggest that TGF-β2 signaling elicits a marked selec-
tive increase in Nox4 gene expression in human TM cells.

TGF-β2 Canonical Signaling Mediates Nox4 mRNA
Expression

To determine the molecular pathway responsible for TGF-β2
mediated increase in Nox4 gene expression, primary human
TM cells were reverse transfected with either scrambled
(control) siRNA or with siRNA directed against either Smad2
or Smad3, respectively. Compared to scrambled controls,
TM cells expressing attenuated levels of endogenous Smad2
proteins content remained responsive to TGF-β2 mediated
signaling (Fig. 2). In marked contrast, reducing the endoge-
nous content of Smad3 proteins significantly attenuated
TGF-β2 mediated increase in Nox4 gene expression (see
Fig. 2A). Efficiency of siRNA directed knockdown of Smad

FIGURE 3. Nox4 protein expression in human TM cells. Serum-starved confluent cultures of primary or transformed TM cells were treated
in the absence (A) or presence (B, C) of vehicle (0.1% DMSO) or TGF-β2 (5 ng/mL for 24 hours), as indicated. A Immunoblots of Nox4
proteins in lysates from quiescent primary or transformed (GTM3) TM cells, as indicated. B and C Nox4 proteins expressed in lysates
from primary B or transformed C TM cells treated without (vehicle) or with TGF-β2, as indicated. GAPDH, glyceraldehyde phosphate
dehydrogenase protein loading controls. (Bottom panels) Densitometric analyses of respective Nox4 protein bands. Data shown are the
means ± SD (N = 3 replicate wells per condition) of GAPDH-normalized Nox4 protein bands from a single experiment representative of
two separate experiments. ns, not significant; *P < 0.05; ***P < 0.0001, Student’s t-test.
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FIGURE 4. A dual inhibitor of Nox1-Nox4 enzyme activity prevents TGF-β2 mediated oxidative stress. Serum-starved confluent cultures
of primary TM cells were pre-treated (2 hours) with SB-431542 (10 μM) or GKT137831 (20 μM) and incubated with vehicle (0.1% DMSO)
or TGF-β2 (5 ng/mL) for an additional 22 hours, as indicated. (A) Representative confocal images of CellROX Green fluorescence in treated
cells. Blue, DAPI-stained nuclei. Scale Bar, 100 μm. (B) Quantitative comparison of CellROX Green fluorescence. Data shown are the means
± SD (N = 4 separate wells per condition, 2 fields per well, 15 cells per field). (C) Quantitative comparison of DCFDA fluorescence. Data
shown are the means ± SD (N = 8 replicate wells per condition) from a single experiment representative of two separate experiments.
**P < 0.001; ***P < 0.0001, 1-way ANOVA with Tukey’s post hoc analysis.

proteins was confirmed by immunoblot (Fig. 2B). Quies-
cent TM cells expressed measurable levels of both Smad2
and Smad3 proteins. Compared to scrambled siRNA control
cultures, the endogenous content of Smad2 and of Smad3 in
transfected TM cells was markedly reduced by their respec-
tive siRNAs. It is important to note that knockdown of either
Smad2 or Smad3 was selective and did not affect the endoge-
nous content of the reciprocal Smad protein (see Fig. 2B).

NADPH Oxidase 4 Protein Expression in Human
TM Cells

To determine whether the observed relative increase in TGF-
β2 mediated Nox4 mRNA content was of physiologic rele-
vance, we examined by immunoblot the content of Nox4
protein expressed within quiescent and TGF-β2 stimulated
primary and transformed (GTM3) TM cells (Fig. 3). Unex-
pectedly, the endogenous content of Nox4 protein expressed
in quiescent primary TM cells was found to be significantly
less than that expressed in identically cultured quiescent
transformed GTM3 cells (see Fig. 3A). Culturing primary TM

cells in the presence of TGF-β2 elicited a significant increase
(>50%) in endogenous Nox4 protein expression (Fig. 3B).
In contrast, GTM3 cells treated with TGF-β2 exhibited no
change in endogenous Nox4 protein expression (Fig. 3C).
Consistent with these findings was the observation that
GAPDH-normalized Nox4 mRNA content in GTM3 cells was
unaltered by TGF-β2 signaling (data not shown).

NADPH Oxidase Activity Mediates TGF-β2
Induced Oxidative Stress

As we have previously reported,31 TGF-β2 promotes marked
oxidative stress in cultured human TM cells as quan-
tified using two distinct fluorogenic dyes (Fig. 4). Pre-
incubating TM cells with GKT-137831, a selective Nox1-
Nox4 dual inhibitor, significantly prevented TGF-β2 medi-
ated increases in intracellular ROS (see Figs. 4B, 4C).
To determine whether endogenous NADPH oxidase enzy-
matic activity affects TGF-β2 canonical signaling, relative
changes in Smad2 and Smad3 phosphorylation were quanti-
fied by immunoblot. Compared to vehicle controls, primary
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FIGURE 5. A dual inhibitor of Nox1-Nox4 enzyme activity attenuates Smad3-dependent TGF-β2 canonical signaling. Serum-starved
confluent cultures of primary TM cells were pretreated (2 hours) with SB-431542 (10 μM) or GKT137831 (20 μM) and incubated with vehicle
(0.1% DMSO) or TGF-β2 (5 ng/mL) for an additional 22 hours, as indicated. (A, B) Immunoblots and respective densitometric analyses
of Smad2 or Smad3 phospho- and total-proteins in lysates from primary TM cells treated without (vehicle) or with TGF-β2, as indicated.
Densitometric data shown are the means ± SD (N = 3 separate experiments) of normalized phospho-Smad protein bands. (C) Representative
confocal immunofluorescent images of total Smad2 or Smad3 proteins expressed in treated cells.Blue, DAPI-stained nuclei. Scale Bar, 100 μm.
(D, E) Quantitative comparison of D Smad2 or E Smad3 immunofluorescence. Data shown are the means ± SD (N = 4–6 separate wells per
condition, 2 fields per well, 15 cells per field). *P < 0.05; **P < 0.001; ***P < 0.0001, 1-way ANOVA with Tukey’s post hoc analysis.

human TM cells cultured in the presence of TGF-β2 exhib-
ited significant increases in the phosphorylation of Smad2
(Fig. 5A) and Smad3 proteins (Fig. 5B). Pretreating TM cells
with the Alk5 inhibitor SB-431542 prevented TGF-β2 medi-
ated increases in Smad phosphorylation. By comparison,
pretreating TM cells with GKT-137831 significantly attenu-
ated TGF-β2 mediated increases in Smad3, but not Smad2,
phosphorylation (see Figs. 5A, 5B). To determine whether
NADPH oxidase activity affects nuclear translocation of
Smad proteins, TGF-β2 treated TM cells were immunos-
tained in situ in the absence or presence of GKT-137831.
Relative to vehicle treated control cultures, incubating TM
cells with TGF-β2 elicited a marked increase in nuclear
staining over diffuse cytosolic background staining for total
Smad2 (Figs. 5C, 5D) and total Smad3 proteins (Figs. 5C, 5E).
In contrast, TM cells pretreated with either SB-431542 or
with GKT-137831 exhibited nuclear staining of total Smad2
and total Smad3 proteins that was statistically indistinguish-
able from vehicle-treated control cultures (see Fig. 5).

NADPH Oxidase Activity Mediates TGF-β2
Induced Increases in Collagen Expression

To determine whether the activity of NADPH oxidases
affects TGF-β2 mediated increases in synthesis and release
of extracellular matrix constituents, cultured primary and
transformed human TM cells were pre-incubated with-
out or with GKT-137831 and subsequently incubated in
the presence of TGF-β2. As we and others have previ-
ously reported,31 primary TM or transformed GTM3 cells
incubated in the presence of TGF-β2 exhibit marked

GAPDH-normalized increases in COL1A1 (Figs. 6A, 6D)
and COL4A1 (Figs. 6B, 6E) mRNA expression. By compar-
ison, pre-incubating TM cells with GKT-137831 attenu-
ated TGF-β2 mediated changes in collagen isoform mRNA
expression (see Fig. 6). In contrast, pre-incubating TM
cells with SB-431542 completely prevented these TGF-β2
mediated responses. TGF-β2 mediated GAPDH-normalized
changes in CTGF mRNA content was minimally affected by
pre-incubation with GKT-137831 (Fig. 6C). To determine
whether NADPH oxidase activity affects TGF-β2 mediated
increases in collagen isoform protein expression and release,
cultured primary human TM cells were pre-incubated with-
out or with GKT-137831 and subsequently incubated in the
presence of TGF-β2. Consistent with our previous observa-
tions,31 human primary TM cell cultures incubated in the
presence of TGF-β2 exhibit markedly significant increases
in the expression and release of collagens I and colla-
gens IV proteins when analyzed by immunoblot (data not
shown) or in situ by immunocytochemistry (Fig. 7). In
contrast, TM cells pre-incubated with either SB-431542 or
with GKT-137831 showed significantly blunted collagen
isoform responses to TGF-β2 (see Figs. 7B, 7C).

NADPH Oxidase Activity Mediates TGF-β2
Induced Increases in Filamentous Actin Stress
Fiber Formation and Alpha Smooth Muscle Action
Expression

The effect of NADPH oxidase activity on TGF-β2 medi-
ated increases in filamentous actin stress fiber formation
and on αSMA protein expression was determine in situ by
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FIGURE 6. A dual inhibitor of Nox1-Nox4 enzyme activity attenuates TGF-β2 mediated collagen mRNA expression. Serum-starved
confluent cultures of (A–C) primary or (D–F) transformed TM cells were pretreated (2 hours) with SB-431542 (10 μM) or GKT137831 (20 μM)
and incubated with vehicle (0.1% DMSO) or TGF-β2 (5 ng/mL) for an additional 22 hours, as indicated.A and D GAPDH-normalized COL1α1
mRNA B and E GAPDH-normalized COL4α1 mRNA (C and F) GAPDH-normalized CTGF mRNA expression. Data shown are the means ±
SD (N = 3 replicate wells per condition) representative of two separate experiments A to C or from a single experiment (D to F). *P < 0.05;
**P < 0.001; ***P < 0.0001, 1-way ANOVA with Tukey’s post hoc analysis.

phalloidin fluorescence and by immunocytochemistry,
respectfully. Human primary TM cell cultures incubated
in the presence of TGF-β2 exhibit markedly significant
increases in filamentous actin formation and in the protein
expression of αSMA (Fig. 8). In contrast, TM cells pre-
incubated with either SB-431542 or with GKT-137831 were
unable to organize filamentous stress fibers (see Figs. 8A, 8B)
nor did they express changes in αSMA protein expression
(see Figs. 8A, 8C) in response to a TGF-β2 challenge.

DISCUSSION

Recently, we reported that cells isolated from healthy human
TM tissue exhibit enhanced oxidative stress when chal-
lenged with TGF-β2, a profibrotic cytokine strongly impli-
cated in the pathogenesis of POAG.31 In this study, we
investigated the molecular origins responsible for TGF-β2
enhanced production of ROS in human TM cells. Quies-
cent human TM cells cultured in the presence of TGF-
β2 exhibited a selective increase in endogenous NADPH
oxidase 4 (Nox4) mRNA and protein expression. Other
NADPH oxidase isoforms (1, 2, 3, and 5) were endoge-

nously expressed at low GAPDH-normalized amounts and
minimally responsive to a TGF-β2 challenge. The TGF-
β2 mediated increase in Nox4 expression was prevented
by actinomycin D, an inhibitor of gene transcription. The
siRNA targeted against Smad3, but not Smad2, similarly
prevented TGF-β2 mediated increases in Nox4 expression.
Pre-incubating TM cells with GKT137831, a dual Nox1-
Nox4 inhibitor, attenuated TGF-β2 mediated increases in
intracellular ROS, in COL1A1, COL4A1, and CTGF mRNA
expression, in Smad3 protein phosphorylation, in colla-
gens I, collagens IV, and αSMA protein expression and
in filamentous actin stress fiber formation. These find-
ings support dysregulation of redox equilibrium by induc-
tion of Nox4 expression as a key early upstream event
involved in the downstream profibrotic responses elicited
by TGF-β2 canonical signaling, including ECM remodel-
ing, filamentous actin stress fiber formation, and αSMA
expression.

Oxidative stress is a well-established age-associated facil-
itator of many chronic neurodegenerative disorders, includ-
ing glaucomatous optic neuropathy.19,20 Implicated in the
early pathophysiologic stages of POAG,37 oxidative stress
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FIGURE 7. A dual inhibitor of Nox1-Nox4 enzyme activity attenuates TGF-β2 mediated collagen protein expression. Serum-starved
confluent cultures of primary TM cells were pretreated (2 hours) with SB-431542 (10 μM) or GKT137831 (20 μM) and incubated with vehicle
(0.1% DMSO) or TGF-β2 (5 ng/mL) for an additional 22 hours, as indicated. (A) Representative confocal immunofluorescent images of
collagens I (green) or collagens IV (red) proteins expressed in treated cells. Blue, DAPI-stained nuclei. Scale Bar, 100 μm. (B, C) Quantitative
comparison of B collagen I or C collagen IV immunofluorescence. Data shown are the means ± SD (N = 4–8 separate wells per condition,
2 fields per well, 15 cells per field). **P < 0.001; ***P < 0.0001, 1-way ANOVA with Tukey’s post hoc analysis.

refers to a metabolic state in which a normal healthy cellular
production of ROS overwhelms the ability of endogenous
phase II enzymatic antioxidant defense pathways to main-
tain redox equilibrium within the affected cell.38 Despite
continuing controversy as to the overall pathologic signif-
icance that changes in IOP contribute toward the devel-
opment of POAG, elevated IOP remains the most recog-
nized risk factor for this indolent progressive disorder.39–41

Morphologic alterations deep within the TM, including
remodeling of the ECM, are considered early pathologic hall-
marks that are directly associated with increased AH outflow
resistance and elevated IOP.31 Although several advance-
ments have elucidated the role TM cells play at maintaining
a healthy balanced IOP, the cellular consequences responsi-
ble for the initiation, and hence the cause, of age-associated
TM cell failure in POAG remains unclear.

Growing evidence obtained from clinical and experimen-
tal studies strongly implicate oxidative stress in the degen-
eration of retinal ganglion cells42 and its association with
open-angle glaucoma.37,42 The anterior chamber, along with
the TM itself, has also proven to be quite vulnerable to oxida-
tive stress-induced damage.20,27,43 Under physiologic condi-

tions, redox equilibrium within metabolically active cells,
such as the TM, is maintained by a host of nonenzymatic (e.g.
glutathione, ascorbic acid, α-tocopherols, and metalloth-
ionein) and enzymatic (e.g. superoxide dismutase, catalase,
glutathione peroxidase, glutathione reductase, and heme
oxygenase I) molecular antioxidant defenses. In patients
with open-angle glaucoma, however, total antioxidant status
was reduced while levels of phase II antioxidant enzymes
present in AH were elevated compared to controls.37 The
observed elevation in phase II antioxidant expression within
AH of affected patients may best be reconciled as an Nrf2-
mediated compensatory response to an imbalance in redox
equilibrium.44

Although several external sources of ROS (e.g. ultra-
violet A irradiation) that can potentially damage the TM
have been described,20 the majority of oxygen and nitro-
gen free radicals that are produced under physiologic
conditions are short-lived byproducts of normal cellu-
lar metabolism.45 Although mitochondria consumes over
90% of cellular oxygen, up to 5% of this oxygen can
be converted into harmful superoxide free radicals that
are prematurely produced by leakage of electrons at
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FIGURE 8. A dual inhibitor of Nox1-Nox4 enzyme activity attenuates TGF-β2 mediated F-actin stress fiber formation and αSMA
expression. Serum-starved confluent cultures of primary TM cells were pretreated (2 hours) with SB-431542 (10 μM) or GKT137831
(20 μM) and incubated with vehicle (0.1% DMSO) or TGF-β2 (5 ng/mL) for an additional 22 hours, as indicated. (A) Representative confocal
fluorescent images of phalloidin stained F-actin stress fibers (green) or immunostained αSMA IV (red) proteins expressed in treated cells.
Blue, DAPI-stained nuclei. Scale Bar, 100 μm. (B, C) Quantitative comparison of B phalloidin fluorescence or C αSMA immunofluorescence
(N = 4–8 separate wells per condition, 2 fields per well, 15 cells per field). ***P < 0.0001, 1-way ANOVA with Tukey’s post hoc analysis.

complex I and complex III of the electron transport chain.
Subcellular organelles known to produce physiologic
amounts of intracellular ROS also include peroxisomes
(xanthine oxidase),46 endoplasmic reticulum (cytochrome
P450 mono-oxygenases), and several cytosolic and plasma
membranes associated oxidases. Normally short-lived and
protective, age-associated dysfunction of mitochondrial
electron transport and proton pump activity often leads
to excessive production of ROS resulting in harmful redox
disequilibrium.47 Oxidative stress associated mitochondrial
dysfunction in patients with POAG is well-documented.48–50

These findings collectively support mitochondrial dysfunc-
tion as a potential source of generated ROS and early facil-
itator of TM cell failure in POAG. What remains unclear is
the molecular initiator of age-associated redox disequilib-
rium within the TM.

Previous studies have shown that AH of some patients
with POAG contain elevated levels of the profibrotic
cytokine TGF-β2, strongly implicating this cytokine in the
pathogenesis of this disorder.8,29,51 Our own preliminary
studies utilizing AH samples from patients at Edward
Hines Jr. VA Hospital also show a trend toward elevated

levels of biologically active TGF-β2 in Veterans with POAG
(0.69 ± 0.49 pg/μL; N = 5) compared to age-matched
control subjects (0.28 ± 0.10 pg/μL; N = 7). Previous stud-
ies from our laboratory have demonstrated that human TM
cells constitutively express and secrete biologically active
TGF-β2, highlighting the TM as a viable source of active
TGF-β2.52 More recently, we reported that mitochondrial-
targeted antioxidants attenuate TGF-β2 mediated oxidative
stress associated changes in Smad-dependent transcriptional
activity, including marked reductions in CTGF and colla-
gen isoform gene and protein expression.31 These findings
further implicate TGF-β2 as a putative initiator of oxidative
stress induced TM cell failure.

It is important to note that oxidative stress in the form
of ROS has been shown to perpetuate TGF-β signaling in
fibroblasts, establishing a vicious feed-forward profibrotic
cycle.53,54 ROS generated by this “redox-fibrotic” cycle is
reported to be essential for TGF-β mediated profibrotic gene
expression in lung fibroblasts.32 Furthermore, in this same
study Jain et al. showed that disrupting TGF-β dependent
mitochondrial ROS generation attenuated Nox4 expression
in lung fibroblasts.32 Although the role of TGF-β mediated
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Nox4 dependent oxidative stress in POAG remains unclear,
preliminary studies of Nox4 expression in human TM cells
have been reported.55,56 Here, we show that physiologic
concentrations of TGF-β2 elicit a marked isoform-selective
increase in NADPH oxidase 4 mRNA and protein expression
in cultured primary human TM cells. In contrast, TGF-β2
failed to elicit any significant change in Nox isoform mRNA
expression in transformed (GTM3) human TM cells (data not
shown). However, constitutive relative expression of Nox4
protein was found to be markedly elevated in quiescent
GTM3 cells when compared with primary TM cells. What is
not clear from these data is whether enhanced constitutive
expression of Nox4 protein seen in quiescent GTM3 cells is a
consequence of cellular transformation or uniquely charac-
teristic of a previously unrecognized glaucomatous pheno-
type. A more thorough examination of this serendipitous
observation is warranted.

In agreement with our previous observations,31 TGF-β2
elicited a measurable increase in oxidative stress in primary
TM cells. Preincubating TM cells with GKT137831, a dual
Nox1-Nox4 inhibitor, however, completely prevented TGF-
β2 mediated ROS production. These findings support Nox4
as a major molecular source of TGF-β2 mediated oxidative
stress in TM cells. Functional significance of this observa-
tion was further demonstrated by the ability of GKT137831
to attenuate TGF-β2 mediated increases in Smad3 phospho-
rylation, in Col1α1, Col4α1, and CTGF mRNA expression, in
collagens I and IV protein expression, and in filamentous
actin stress fiber formation and αSMA protein expression.

NADPH oxidases are the only known enzyme family with
the sole function to produce ROS. In addition to being the
most widely expressed isoform, Nox4 is unique among the
five distinct NADPH oxidases (Nox 1–5) and two known
duoxidases (Duox 1 and 2) in that (i) it is constitutively
expressed, (ii) generates H2O2 rather than superoxide as
its primary ROS, (iii) requires only p22phox as a binding
partner, and (iv) interacts with DNA-directed polymerase
delta-interacting protein 2 (PolDip2).57 Exactly how TGF-β2
signaling elicits selective increases in Nox4 isoform mRNA
expression in TM cells remains unclear, but may involve
activation of bromodomain-containing protein 4, an epige-
netic “reader” of acetylated lysine groups on histones.58 In
addition, the Nox4 promoter has been shown to contain an
AP1/Smad binding element.59 Inhibiting Nox4 enzyme activ-
ity with GKT137831 does, however, attenuate TGF-β2 medi-
ated increases in Smad3 phosphorylation, suggesting that
Nox4-generated H2O2 regulates Smad3-dependent TGF-β2
canonical signaling in TM cells. This thesis is not without
precedence, as TGF-β1 induced increases in H2O2 have been
previously shown to regulate TGF-β1 mediated gene expres-
sion in lung fibroblasts.60 Further studies are warranted to
elucidate the novel role of TGF-β2 mediated H2O2 signaling
cascade in human TM cells.

In conclusion, we show in this study that TGF-β2
promotes oxidative stress in primary human TM cells
by selective expression of NADPH oxidase 4. Dysregula-
tion of redox balance by induction of NADPH oxidase 4
expression appears to be a key early event involved in
the pathologic profibrotic responses elicited by TGF-β2
canonical signaling, including ECM remodeling, filamentous
actin stress fiber formation, and αSMA expression. Selec-
tive inhibition of Nox4 expression/activation, in combina-
tion with mitochondrial-targeted antioxidants, represents a
novel strategy by which to slow the progression of TGF-β2
elicited profibrotic responses within the TM.
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