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Abstract

Oxidative stress and TGFβ-induced disturbance of cells and tissues are implicated in initiation and 

progression of pathophysiology of cells/tissues. Using primary human Trabecular Meshwork (TM) 

cells from normal and glaucomatous subjects, we demonstrated that peroxiredoxin (PRDX) 6, an 

antioxidant, offsets the deleterious effects of oxidative stress on TM cells by optimizing ROS and 

TGFβ levels. An analysis of glaucomatous TM cells revealed a reduced expression of PRDX6 

mRNA and protein. Biochemical assays disclosed enhanced levels of ROS, as well as high levels 

of TGFβs, and these cells expressed elevated extracellular matrix (ECM) andTsp1 proteins with 

reduced MMP2; conditions implicated in the pathophysiology of glaucoma. Nonglaucomatous TM 

cells exposed to TGFβs/ROS showed similar features as in glaucomatous cells. The abnormalities 

induced were reversed by delivery of PRDX6. The data provide evidence that oxidative stress-

induced abnormality in TM may be related to reduced PRDX6 expression, and provide a 

foundation for antioxidant-based therapeutics for treating glaucoma.
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Introduction

Oxidative damage driven by reactive oxygen species (ROS) and reduced expression of 

antioxidant molecules are major factors in the pathophysiology leading to the progression of 

many diseases, including glaucoma [1, 2]. Ample evidence shows that a high concentration 

of ROS induced by physiological and/or environmental stress can modulate the cell’s 

defense system and activate the pathways that lead to cell death [3]. Among the various 
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types of damaging effects, those contributing to cell injury are apoptosis, loss of 

homeostasis, abnormal phenotypes, cellular senescence, overshooting of organelles, and 

overstimulation of genes or proteins [3–5]. To cope with these insults, cells have evolved an 

antioxidant defense that strictly regulates cellular ROS, a prerequisite to maintenance of 

normal cell homeostasis. Furthermore, these cellular antioxidants play a pivotal role in 

correcting overproduction of ROS generated by cellular metabolism or environmental stress. 

Cells with reduced expression of antioxidants bear higher levels of ROS, and changes in the 

redox state of cells lead to the modification of cellular signal transduction including 

activation and expression of growth factors and proteins involved in cell defense. Recent 

significant advances in redox biology have contributed to our understanding of possible 

mechanisms underlying the ways in which cells/tissues are damaged by growth factors such 

as transforming growth factor β (TGFβ) and tumor necrosis factor α (TNFα), and ROS–

mediated oxidative stress-induced abnormal signaling [2–4]. ROS activate TGFβ and in turn 

TGFβ further induces oxidative stress as well as overstimulation of gene that leads to 

pathophysiology of cells /tissues [3, 6, 7]. Recently, studies of the etiology and progression 

of glaucoma have revealed the pivotal roles of TGFβs and oxidative stress [8–11]. Our 

recent report [8] also supports this finding by showing that TNFα- or glutamate-induced 

increases in production of ROS in retinal ganglion cells (RGC), is a major cause of RGC 

toxicity.

Moreover, the continual rise in the incidence of glaucoma, a major cause of blindness 

worldwide, points to unveil the plausible underlying mechanisms involved in its 

progression, and potential development of therapeutic molecule(s) for treating and 

preventing this disease. Although oxidative stress and TGFβ have been implicated [12], little 

progress has been made in this area as yet. ROS-mediated oxidative stress-induced alteration 

of TM cell biology and the resultant increased resistance of outflow has been documented 

[13, 14]. Trabecular meshwork (TM), a specialized eye tissue, is essential for maintenance 

of homeostasis of the entire outflow system. TM is closely connected to the anterior 

chamber of the eye [15]. Several active stressors like superoxide anions, H2O2, and TGFβs 

have been found in aqueous humor, affecting the morphologic and physiologic alterations in 

TM cells. Izzotti [13] has found that outflow resistance in the anterior chamber increases in 

the presence of high levels of H2O2 [16]. Furthermore, tissues from the TM in glaucomatous 

patients contain high levels of metabolic products of lipid peroxidation, suggesting a role for 

oxidative stress in the pathophysiology of this disease [10, 11, 14, 17, 18, 19]. Several recent 

studies have shown that in vitro treatment of cultured human TM cells with TGFβ1/2 leads 

to phenotypic changes [20, 21] and to upregulation of genes encoding ECM proteins like α-

SM-actin and βig-h3, which are implicated in several forms of pathogenesis. Zhao et al. [22] 

showed that treatment of human TM cells with either TGF-β1 or -β2 stimulates the 

expression of several ECM genes, including versican, elastin, collagens, fibrillin, laminin, 

and fibulin. In addition, TGFβ2-treated human TM cells altered the production of the 

enzymes promatrix metalloproteinase-2 (MMP-2) and plasminogen activator inhibitor 

(PAI)-1, each of which likely plays a role in ECM-remodeling [23]. We predicted that ROS-

driven activation of TGF βs [3, 7] should be a factor responsible for overmodulation of ECM 

genes/proteins that in turn interrupt smooth flow of aqueous humor. TGFβ in the eye is 

present in a latent, inactive form and may be activated in the presence of excessive ROS [3]. 
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That activation of TGFβs can be prevented by the presence of an antioxidant such as 

PRDX6.

PRDX6, a multifunctional or “moonlighting” protein, has GSH peroxidase as well as acidic 

Ca+2 -independent phospholipase (aiPLA2) activities [24]. The latter activity, present only 

in PRDX6 and not in other members of the peroxiredoxin family, can protect cells from 

damage to membrane, DNA, and protein mediated by lipid peroxidation [3, 7, 25]. PRDX6 

is highly expressed in TM (current study), but its expression is significantly reduced in 

glaucomatous cells. We hypothesized that reduced expression of PRDX6 in glaucomatous 

TM cells may be a plausible cause of phenotypic abnormality and cell malfunction resulting 

in failure of outflow homeostasis. Using TM cells derived from glaucomatous and 

nonglaucomatous human subjects, we found that ROS induced the activation of TGFβs 

which are responsible for abnormal phenotypes of TM and overmodulation of genes that can 

lead to attenuation of TM cell function; these adverse changes were reversed by the delivery 

of PRDX6. Research in several laboratories has shown that TAT (transcription activator of 

transcription) linked PRDX6, when administered in vitro or in vivo, can be internalized into 

cells and protect them from stressors [3, 7]. The HIV-1 TAT that has 11 amino acids (aa; 

YGRKKRRQRRR), has been proven to have 100% potential for intracellular delivery of 

proteins [26]. In the present study, we demonstrated that glaucomatous TM cells display 

reduced expression of Prdx6, and that H2O2 and TGFβ1 and TGFβ2 are major culprits in 

phenotypic abnormality and overmodulation of ECM or non-ECM genes in these cells. 

Additionally, we have shown the ability of PRDX6 to abolish ROS- or TGFβ-driven stress-

induced overstimulation of genes and resulting abnormalities in glaucomatous TM cells. The 

study documented the basis for using antioxidants such as PRDX6 for preventing and 

treating glaucoma or other ROS-induced disorders in general.

Materials and Methods

Cell culture

Primary TM cells from normal and glaucomatous subjects were obtained from Dr. Stamer, 

Department of Ophthalmology and Visual Sciences, University of Arizona maintained in 

Opti-MEM with 10%FBS and antibiotic-antimycotic solution containing 100 µg/ml 

streptomycin, 100 U/ml penicillin and 25 µg/ml fungizone as described elsewhere [27]. 

Methods for securing human cells/tissue were humane, included proper consent, and 

complied with Declaration of Helsinki. Cells were treated with either H2O2 or TGFβ1 or 

TGFβ2 at variable concentrations for variable times with or without TAT-HA-PRDX6 

(4µg/ml) as optimized for experimental requirement. TM cells of passage 3 and onwards or 

cells showing senescence were used as needed for experiments.

Western analysis

Cell lysates of TM cells were prepared in RIPA buffer and extracted proteins were resolved 

on either 10% SDS-PAGE gel, 7.5% gel or 5–20% gradient gel, and blotted onto 

nitrocellulose membranes ( Immobilon-P Millipore). After blocking, membranes were 

incubated O/N with either PRDX6 monoclonal Ab (Lab Frontier) or other primary 

antibodies. TGFβ1 or 2, Fibulin-5, Thrombospondin −1, Tropomyosin-1and 2 , 
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Transglutaminase-2, MMP-2, MMP-9, βig-h3, P16 and P21 (cyclin inhibitors) were 

purchased from SantaCruz Biotech and Fibronectin, α-sm-actin and β-actin antibodies were 

purchased from Sigma. All secondary antibodies obtained from SataCruz Biotech. The 

specific protein bands were visualized with luminol reagent. To detect TSP-1 and βig-h3, 

culture medium of normal and glaucomatous TM cells was collected, and aliquots (500 µL) 

were concentrated using centricon following the manufacturer’s instructions and protein 

contents were determined.

Real- time PCR analysis

Total RNA was isolated from normal and glaucomatous TM cells using Trizol Reagent 

according to manufacture’s protocol. After reverse transcription using the First-Strand 

cDNA kit (GE Healthcare), PCR was conducted in a 50-µl reaction mixture with 5 µl of 10x 

PCR buffer (Takara, Ohtsu, Japan), 1 µl of 10 mM dNTP mix, 1 µl of each specific 5' and 3' 

primer of PRDXs (10 pmol/µl), 0.25 µl of Ex-Taq DNA polymerase (5 U/µl; Takara), 2 µl of 

cDNA, and 37.5 µl of sterile distilled water. The DNA was amplified for 15–35 cycles at 

94°C for 1 min, 55°C for 0.5 min, and 72°C for 3 min. Reaction mixtures (20 µl) were 

electrophoresed on 1% agarose gel. We performed relative quantification of Prdx 1–6 

mRNA using the ABI PRISM 7000 sequence detection system (Applied Biosystems, Foster 

City, CA). PRDXs, Tropomyocin and GAPDH primers were purchased from Custom 

TaqMan Gene Expression Assays (Applied Biosystems). The comparative threshold cycle 

(Ct) method was used to calculate relative changes in expression levels using the 7000 SDS 

version 1.1 RQ software (Applied Biosystems). The Ct values of target genes were 

normalized to the levels of GAPDH as an endogenous control in each group [3, 8, 28].

Measurement of intracellular ROS

Intracellular redox state levels were measured using the fluorescent dye 2,7-

dichlorofluorescein diacetate (H2-DCFH-DA) which is rapidly oxidized to the highly 

fluorescent 2',7'-dichloroflourescein in the presence of intracellular hydrogen peroxide and 

peroxidases [3] . Cells were cultured in 96 well plates overnight, washed with HBSS and 

incubated with dye for 30 min at 37°C. Intracellular flourescence was detected at 485nm 

excitation and 530nm emission using DTX880, Multimode Detector (Beckman Coulter) [5–

7].

Measurement of bioactive TGFβ level

TGFβ is secreted by the cells in latent form and is activated in the presence of excessive 

ROS [3]. To know whether the expression and activation of TGFβ is increased in 

glaucomatous TM cells, we used TGFβ1 Emax ImmunoAssay system (Promega Corp., 

Madison, WI, USA) as described earlier [3]. Briefly, 96-well plates were coated with TGFβ 

Coat mAb, which binds to soluble TGFβ. TGFβ bound to a specific polyclonal antibody 

(pAb). After washing, the amount of specifically bound pAb was measured using a specific 

antibody conjugated to HRP. Readings were taken at 450 nm.
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Construction of TAT-HA-PRDX6

PRDX6 cDNA isolated from the Lens Epithelium Cell library [25] was fused with a gene 

fragment encoding the 11-amino acid TAT protein transduction domain (RKKRRQRRR) of 

HIV-1 in a bacterial expression vector, pTAT-HA to generate a genetically engineered TAT-

HA-PRDX6 fusion protein, and this recombinant protein linked to transduction domain was 

used to assess its ability in protecting cells/tissues against oxidative stress. Briefly, Prdx6 

full length cDNA was cloned into a TA-cloning vector (Invitrogen) and transformed into a 

prokaryotic competent cell, and the plasmids of selected colonies were purified. This 

purified TA vector containing Prdx6 cDNA was subcloned into a pTAT-HA expression 

vector (a kind gift of Dr. S. F. Dowdy). The expressed recombinant protein TAT-HA-

PRDX6 was purified using Ni2+-nitrilotriacetic acid Sepharose column (Invitrogen). The 

purified recombinant protein was either used for cell protection assay or aliquoted and stored 

frozen in 10% glycerol at –80°C for further use [7].

Transduction of TAT-HA-PRDX6 fusion protein into TM cells

TM cells were grown overnight on a six-well plate, and then TAT-HA-PRDX6 fusion 

protein (4 µg/ml) was added to the culture media. After incubation periods of 1 h, 3 h, 5 h 

and 24 h, cells were washed and harvested for the preparation of cell extract. Western blot 

analysis was performed using anti-HisG HRP (Invitrogen). HA-PRDX6 was used as control. 

Similar experiments were conducted using PRDX6 monoclonal antibody (Lab Frontier, 

Seoul, Korea) to compare the levels of endogenous (native) and extrinsically supplied 

PRDX6.

Cell survival assay (MTS assay)

A colorimetric MTS assay (Promega) was performed as described earlier [3, 7, 8, 25]. This 

assay of cellular proliferation/viability uses 3-(4,5-dimethylthiazol-2-yl)-5-(3-

carboxymethoxyphenyl)-2 to 4-sulfophenyl)-2H-tetrazolium salt (MTS; Promega, Madison, 

MI, USA). Upon addition to medium containing viable cells, MTS is reduced to a water-

soluble formazan salt. The OD490 nm value was measured after 4 h with an ELISA reader.

Immuno-cytochemical analysis of 8-OhdG

TM cells, treated with or without TAT-HA-PRDX6 were fixed and immunostained using 

Alexa Fluor® 488 Signal-Amplification kit (Molecular Probes) following the company’s 

protocol. Briefly, after washing cells with PBS, all cell preparations were incubated for 30 

minutes with the blocking solution supplied in the kit. Then they were exposed overnight at 

4°C to the anti-8-OHdG monoclonal antibody. After washing, cells were exposed to Alexa 

Fluor second antibody solution and washed again. Visualization of antibody complex was 

carried out by fluorescent microscopy using absorption/emission maxima ~495/519 nm.

Statistical analysis

Data were analyzed by Student’s t-tests. A p-value less than <0.05 was considered 

significant.
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Results

TM cells derived from glaucomatous subjects display abnormal phenotype with reduced 
expression of Prdx6 mRNA and protein

The expression levels of ROS generated by cells are tightly controlled by antioxidants, as 

excessive production of ROS in response to stressors leads to pathophysiology of cells/

tissues. Reduced expression of PRDX6, an antioxidant, has been shown to cause impaired 

cell homeostasis and enhanced susceptibility to cellular abnormality as well as apoptosis 

against stressors [3, 5, 7, 24, 28, 29]. We believe this reduced expression of PRDX6 may be 

one cause of damage, abnormalities, and overmodulation of genes in TM cells. To test our 

hypothesis, we investigated the expression level of PRDX6 as well as other Prdxs, because 

comparative expression levels would reflect their abundance, which in turn would indicate 

their specific importance. To this end, we conducted quantitative real time PCR to measure 

levels of mRNA in glaucomatous and nonglaucomatous TM cells. Data analysis revealed 

that all six peroxiredoxins (Prdx 1–6) were present in both diseased and normal cells (Fig. 

1), but importantly the level of PRDX6 mRNA was dramatically lower in glaucomatous TM 

cells (Prdx6, black bar) in comparison to other Prdxs. This reduced expression of PRDX6 

may be a causative factor for the abnormal changes in glaucomatous TM cells, leaving the 

other PRDXs unable to maintain TM cell integrity (Fig. A, compare a and b). The difference 

in PRDX6 levels may be associated with its antioxidant and protective activity.

Glaucomatous TM cells bear increased ROS and bioactive TGFβ levels with elevated 
expression of TGF-β1 and TSP-1

TGFβs are implicated in the pathophysiology of glaucoma and act by overstimulation of 

ECM and/or other genes [22, 30, 3]. However, in view of the established relationship 

between ROS levels and PRDX6 expression [5, 24, 29, 32] and based on the above data as 

well as our earlier studies [3, 7], we predicted that glaucomatous TM cells may harbor 

higher levels of ROS that may activate the expression of Tsp-1 and TGFβ and cause release 

of bioactive TGFβ. We measured intracellular levels of ROS in glaucomatous TM cells by 

staining with H2DCF-DA [3]. Figure 2,A shows a accumulation of ROS in glaucomatous 

cells (open bar), demonstrating that PRDX6 diminution in glaucomatous TM cells is a cause 

of higher ROS levels that result in oxidative stress. We predicted that TGFβs would be 

activated and increasingly expressed in glaucomatous cells. TGFβ is normally secreted in 

the latent form (L-TGFβ), and must be cleaved from latency associated peptides (LAP) to 

generate the bioactive TGFβ form [3, 6, 7]. ROS and Tsp-1 are known to be involved in 

activation of TGFβ [3, 6, 33]. To demonstrate whether expression and release of bioactive 

TGFβ as well as Tsp-1 are increased, we performed Western analysis with specific antibody, 

and Emax ELISA assay (Promega) for active TGFβ. The culture supernatant of glaucomatous 

cells contained significantly higher levels of bioactive TGFβ (Figure 2, B; open bar). These 

cells also displayed increased expression of TGFβ (Figure 2C, upper panel; right lane) and 

Tsp-1 (Figure 2 C, lower panel; right lane) proteins. The results collectively imply that 

changes in glaucomatous cells are associated with ROS and TSP-1 dependent activation of 

TGFβ. ROS and Tsp-1 are potent activators of TGFβ both in vivo and in vitro [33, 34].
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Glaucomatous TM cells display elevated expression of βig-h3, α-sm-actin, fibronectin, 
PAI-1, and TGase2 and reduced expression of MMP-2

TGFβ has been implicated to play a role in the pathophysiology of TM that leads to 

initiation and progression of glaucoma [9, 20, 22, 35]. To determine whether glaucomatous 

TM cells expressed elevated levels of TGFβ inducible genes, we conducted Western 

analysis of those genes known to be involved in TM cell insults. Protein levels of α-sm-

actin, βig-h3, TGase2 (an enzyme cross-linking ECM protein) and fibronectin were 

significantly increased, suggesting a TGFβ- mediated effect (Figure 3, A). An elevated 

expression of TGase2 in glaucomatous TM cells was reported earlier by other group [36]. In 

addition, we assessed expression levels of MMP2, MMP9, and PAI-1 because ECM 

metabolism within the TM cells is regulated by MMPs [37, 38, 39] and PAI-1 [9, 23, 40, 

41]. Western analysis with anti-MMP2, MMP9, and PAI-1 antibodies of glaucomatous cell 

extracts showed decreased expression of MMP2 (Figure 3, A; c) and increased expression of 

PAI-1(Figure 3, A; g), however, MMP9 could not be detected in either nonglaucomatous or 

glaucomatous cells. These results suggest that adverse changes as well as overmodulation of 

gene expression in glaucomatous cells are associated with oxidative stress or its induced 

activation of TGFβs.

TM cells derived from glaucomatous subjects contain increased levels of Tmp1α and 
Tmp2β proteins

Tropomyosins (Tmps) are essential molecules for maintenance of cellular integrity. Changes 

in cellular microenvironment due to oxidative stress or TGFβ, and their effects on 

modulation of Tmps expression, have been shown to cause physiological abnormalities in 

cells. Because glaucomatous cells contain higher levels of both ROS and TGFβ, we 

investigated protein levels of Tmps using anti-Tmps specific antibodies. We found that 

Tmp1α and Tmp2β are overproduced in glaucomatous cells (Figure 3, B; right lane), further 

validating the belief that oxidative stress and TGFβ play pivotal roles in alterations of TM 

cell biology. To ascertain whether enhanced expression of Tmps are related to their 

enhanced transcription, we measured mRNA expression level of Tmp2β and carried out real 

time PCR analysis (Figure 3, black bar). The level of Tmp2β mRNA was significantly 

elevated in glaucomatous TM cells compared to nonglaucomatous cells. Tmps are known to 

be responsive to TGFβs [22, 42], and overstimulation of these genes has been documented in 

various types of cellular abnormality caused by over- or under-expression in cells. In this 

scenario, we think that overstimulation of Tmp2β may be a pathogenic marker for 

progression of TM cell damage.

Extrinsically supplied TAT-HA-PRDX6 internalizes into TM cells, attenuated TGF β-induced 
insults, and maintains cellular integrity

PRDX6 protects cells by removing H2O2 and by maintaining cell survival signaling [3, 5, 

25, 24, 29]. Because glaucomatous TM cells bear low levels of PRDX6, we surmised that 

the reduced expression of PRDX6 by TGFβ [3, 7] could be a cause of abnormalities in 

glaucomatous TM cells. If so, an extrinsic supply of PRDX6 should restore normal 

physiology. To deliver PRDX6 to TM cells, we used TAT-linked PRDX6, which can 

internalize into cells in a concentration-dependent fashion [7, 8, 26, 43]. Using TM cells, we 
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first confirmed cellular internalization of TAT-HA-PRDX6. We cultured cells in six-well 

plates containing medium supplemented with 5 µg/ml recombinant protein. Western analysis 

was conducted at 1, 3, 5, and 24h. TAT-HA-PRDX6 was efficiently transduced into the cells 

(Figure 4). Very small amounts of protein could be detected in supernatant collected at 1 h 

following addition (lane S), indicating that the protein was transduced into the cells. We 

could not detect any band when HA-PRDX6 was added to the culture medium (Figure 4, A; 

lane C). Similarly, Western analysis was conducted using PRDX6 monoclonal antibody. 

Results revealed the presence of two protein bands, TAT-HA-PRDX6 and native PRDX6 

(Figure 4, A; lower panel, lane 1), and concentration of delivered TAT-HA-PRDX6 was 

almost equal to native PRDX6. Next, to determine whether adding PRDX6 attenuated 

TGFβs-induced abnormal changes, TM cells were exposed to TGFβ1 or TGFβ2 (Figure 4, 

B; a and c). In a parallel experiment, TM cells were supplied with recombinant PRDX6 

(Figure 4, B; b and d). Changes in cellular morphology were analyzed and 

photomicrographed, and compared to the parallel culture of TM cells supplemented with 

PRDX6. Interestingly, TGFβs-induced changes in TM cells were similar to those of TM 

cells derived from glaucomatous subjects (Figure 1, A; b). More importantly, TM cells 

supplied with PRDX6 displayed normal phenotypes, indistinguishable from 

nonglaucomatous cells with limited damage (Figure 1, A; a), suggesting that PRDX6 has the 

ability to counteract TGF βs-induced damage of TM cells.

PRDX6 attenuate TGFβ1/β2 induced overstimulation or accumulation of ECM proteins and 
thereby optimized their expression

In glaucoma, TM cells lose their bona fide characteristics. The above experiments suggested 

the involvement of TGFβs in disturbance of TM cell homeostasis, and PRDX6 was able to 

attenuate their adverse effects. Figures 2 and 3 showed that glaucomatous cells expressed 

elevated levels of TGF-β and its inducible genes and overexpressed ECM proteins. Next, we 

evaluated whether TAT-HA-PRDX6 could prevent the overexpression of these genes 

induced by TGFβs. To test this, we treated normal TM cells with either TGFβ1 or TGFβ2. 

With both TGFβs, there was a substantial upregulation of genes, similar to findings in 

glaucomatous cells, and these results were consistent with pathological changes observed 

during the disease (Figure 3). Western analysis revealed that TM cells treated with TGFβs 

showed increased levels of fibronectin, Fibulin-5, TGase-2, α-sm-actin, and βig-h3 in 

comparison to untreated cells as expected, and that their expression was optimized (almost 

comparable to normal untreated cells) when the cells were treated with TAT-HA-PRDX6 

(Figure 5). Importantly, as observed in glaucomatous cells, nonglaucomatous cells treated 

with TGFβs displayed reduced PRDX6 protein (Figure 5 A, lane 2 and 3), further suggesting 

that adverse changes in TM cells in glaucoma are related to reduced expression of PRDX6. 

From these results we concluded that abnormal modulation of genes and phenotypic changes 

in TM cells were associated with TGFβs, and could be attenuated by PRDX6 expression.

TM cells can be saved from H2O2-driven oxidative stress-induced damage

Oxygen-derived free radicals are known to play a role in the pathophysiology of ocular 

diseases including glaucoma. Aqueous humor, which is indirectly associated with TM, 

contains H2O2 and TGFβs. Importantly, H2O2 is an activator of TGFβ, and TGFβ enhances 

intracellular ROS [3]. Both are implicated in pathophysiology in the TM [44]. We envisaged 
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a feed-forward process within the cellular microenvironment, a process that becomes 

deleterious to cells bearing lower levels of antioxidant such as PRDX6. A supply of PRDX6 

should block the cycle initiated by locally high levels of ROS. To assess this possibility, we 

exposed TM cells to various concentrations of H2O2 (25, 50, 100 or 200 µM) for 2 h. In a 

parallel experiment, TAT-HA-PRDX6 (4µg/ml) was added to the cells prior to H2O2 

exposure. Colorimetric MTS assay was performed after 24 h, and cell viability was 

monitored. Figure 6 represents experiments showing that TAT-HA-PRDX6 was able to save 

the TM cells from H2O2 induced damage (Figure 6, A; c and d, B, open bar).

Delivery of PRDX6 attenuates TM cell senescence and DNA damage

Recently, TM cells in culture were shown to develop characteristics of senescence and to 

show changes after PDL 8 similar to those in glaucomatous cells [45]. Also, it has been 

demonstrated that oxidative damage to DNA is significantly increased in the TM of patients 

with glaucoma [10, 18]. These findings encouraged us to investigate whether adding 

PRDX6 to nonglaucomatous TM cells would interrupt the senescence process and protect 

DNA from damage. TM cells were cultured in the presence of TAT-HA-PRDX6 (4 µg/ml) 

or in its absence as described in Materials and Methods. Cells were observed routinely by 

microscope for morphological changes, if any, and photomicrographed. Figure 7 A is 

representative of experiment. Similar to the earlier findings by Yamazaki et al. [18], distinct 

morphological changes similar to senescence could be seen (Figure 7, A; a) and were 

comparable to changes in glaucomatous cells (Figure 1, A). Interestingly, delivery of 

PRDX6 maintained the typical morphology of TM cells. To validate whether PRDX6 could 

break the senescence process, we performed Western analysis using anti-P16 and P21 

antibodies [46]. The levels of both proteins were dramatically decreased in TM cells that had 

received PRDX6 (Figure 7, B, right lane). Next we evaluated the ability of PRDX6 to block 

DNA damage. TM cells of passage 3 were cultured with or without PRDX6, and were 

stained at passage 12 (PDL 12) with 8-hydroxy-2’-deoxyguanosine [10, 18], following the 

protocols of the manufacturer (Molecular Probe). Results revealed that cells treated with 

PRDX6 (every 72 h) were significantly protected (Figure 7, b), suggesting that PRDX6 can 

break the senescence process of TM cells as well as DNA breakage. Based on these results, 

we conclude that TM cells entering senescence can be reversed by an extrinsic supply of 

PRDX6.

Discussion

Recent evidence reveals that ROS, when overproduced in vivo, can cause significant 

damage to cells/tissues [3, 5, 19, 47, 48], leading to the initiation and progression of 

degenerative diseases including glaucoma. Oxidative stress-induced cellular insults become 

more severe when cells’ antioxidant defense has been weakened by aging or overstimulation 

of other physiological factors, such as growth factors, transcriptional proteins, and ROS, that 

directly or indirectly jeopardize the expression and functions of antioxidants. A particularly 

intriguing recent development in glaucoma research has been the realization that oxidative 

stress is pivotal in the decline of most measures of physiological performance, specifically 

TM cells, which are directly exposed to H2O2 and TGFβs present in aqueous humor [2, 23, 

49]. The study described here was directed at understanding the role of oxidative stress and 
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the underlying mechanisms involved in the induction of pathophysiology of glaucoma, by 

using TM cells derived from glaucomatous and nonglaucomatous subjects. Findings 

demonstrated that TM cells from glaucomatous subjects bear increased expression of ROS 

levels along with reduced expression of PRDX6 compared to other members of the Prdx 

family (Figures 1, B, C and 2, A), suggesting that PRDX6 may play an important role in 

maintaining TM cell integrity by controlling ROS-mediated adverse signaling. In addition, 

we found that reduced expression of PRDX6 in TM cells is related to phenotypic changes 

and overmodulation of many ECM or non ECM genes known to be involved in TM cell 

abnormalities. These changes in glaucomatous cells resemble those of TGFβ-induced 

alteration in nonglaucomatous TM cells (Figure 1, 3,4, 5). Interestingly, changes in 

glaucomatous cells involve higher ROS levels as assessed by H2DCFH-DA staining (Figure 

2, A; open bar). We conclude that PRDX6 is a major protective molecule that is vitally 

important to maintaining cellular integrity, and that its expression is significantly reduced in 

glaucomatous TM cells exhibiting abnormal phenotypes (Figure 1). When extrinsically 

supplied with PRDX6, these cells show normal TM cell phenotypes, suggesting that the 

cellular changes are prevented by the delivery of PRDX6 (figure, 7). In addition, our finding 

indicates that the expression levels of PRDX1 are significantly higher than other PRDXs 

( 2–6) in glaucomatous TM-cells, but could not counteract the changes occurred the 

abnormal changes in these cells, emphasizing a pivotal role of PRDX6 in maintaining 

cellular homeostasis of TM-cells. Furthermore, the presence of PRDX1 expression in TM-

cells indicates that there is no balance between PRDX6 and PRDX1, since PRDX1 that 

exhibit cytosolic localization could not be able to attenuate the abnormalities of TM cells. 

This absence of balance can be explained by the fact that PRDX6 might have other cellular 

function(s) in addition to its protective antioxidant activity. Indeed, PRDX6 has been 

implicated in signal transduction in mammalian cells through control of ROS [3, 5, 7, 8]. 

Recently, using Prdx6−/− mouse, it has been shown that endogenously produced mouse 

PRDX6 functioned in vivo as an antioxidant enzyme, and its function was not redundant to 

other PRDXs and antioxidant enzyme [5]. Notably, the gene expression of Prdx 1-5, 

Gpx1-4, Cat, superoxide dismutase (Sod1-3), thioredoxin (Txn1-2), and glutaredoxin 

(Glrx1-2) was found similar between Prdx6−/− and Prdx6+/+ cells [5]. These studies 

emphasize that PRDX6 activities are independent of other enzymes. Moreover, several 

studies from others as well as from our laboratory have shown that PRDX6 plays a role in 

maintaining cellular homeostasis by optimizing cellular signaling, and it does so by 

controlling intracellular ROS levels [3, 5, 7, 24, 29]. Thus, we think that TM cells with 

reduced expression of PRDX6 due to aging or physiological stress are more susceptible to 

internal and external environmental stress, one cause of disturbances in TM cell biology that 

may lead to higher intraocular pressure (IOP) associated with the initiation and progression 

of glaucoma.

Glaucoma is a leading cause of blindness in the world. High IOP caused by reduction in 

normal aqueous outflow is a major casual risk factor for the disease. The TM, the 

specialized cells that control aqueous humor, plays an important role in the maintenance of 

IOP. Any damage or disturbance of TM may lead to the elevation of IOP [11]. Furthermore, 

the cells lining the TM synthesize various extracellular matrix (ECM) components that are 

believed to influence potency of the aqueous channels. An altered composition of ECM in 
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TM may contribute to an increase in outflow resistance. Recently, several reports have 

indicated a major role for oxidative stress in the etiology and progression of glaucoma [2, 8, 

11, 19, 43]. TM cells are continuously in contact with aqueous humor that contains H2O2 as 

well as TGFβs [16], and TGFβs are inducers of several matrix proteins. We believe that 

overproduction of ECM proteins in TM cells results from reduced expression of PRDX6 and 

higher expression and activation of TGFβs by H2O2 and Tsp-1. In the present study, we 

observed that TM cells exposed to TGFβs display abnormal phenotypes and increased 

expression of ECM proteins, abnormalities which are indistinguishable from those of 

glaucomatous TM cells (Figures 3, 4, 5). Zhao et al. [22] showed that treatment of human 

TM cells with either TGFß1 or ß2 stimulates the expression of several ECM genes, 

including versican, elastin, collagens, fibrillin, laminin, and fibulin. In addition, TGFß2-

treated human TM cells alter the production of the enzymes promatrix metalloproteinase-2 

and plasminogen activator inhibitor (PAI)-1, each of which likely plays a role in ECM-

remodeling by the TM. Furthermore, treatment of human TM cell cultures with either 

TGFß1 or ß2 leads to significant increases in fibronectin and tissue transglutaminase, an 

enzyme that covalently cross-links ECM proteins, thereby conferring resistance to 

fibronectin degradation [36]. Fibronectin (FN) deposition in TM cells is known to occur 

with progression of glaucoma, and an excess FN deposition by TM cells may play a role in 

obstructing the passage of aqueous outflow [30, 50]. Fibulin 5 is essential for the 

polymerization of elastin. In comparing the expression of ECM among non glaucomatous, 

glaucomatous, and TGFβs-treated nonglaucomatous TM cells, we found that 

overmodulation of ECM proteins is associated with TGFβs-treated nonglaucomatous cells, 

suggesting that TGFβs are major culprits for TM cell disturbance. Furthermore, MMP2 

expression is down-regulated in glaucomatous TM cells. MMPs are involved in ECM 

metabolism and have been shown to increase aqueous outflow facility [37, 38]. These 

proteins may play an important role in the maintenance and regulation of the trabecular 

extracellular matrix and, subsequently, of the aqueous humor outflow pathway. The reduced 

expression of these proteins may lead to interruption of smooth flow of aqueous humor. 

Recently, Clark and his coworkers [36] have shown an increase in the expression and 

enzymatic activity of Transglutaminase-2 in glaucomatous TM cells. We found higher 

expression of this protein in glaucomatous as well as nonglaucomatous cells treated with 

TGFβs (Figures, 3 and 5). However, we did not check the enzymatic activity. Moreover, the 

expression of Tropomyosin (Tmp1α and Tmp 2β) was elevated in glaucomatous TM (Figure 

3). These proteins are also TGFβ- inducible [42]. An increase in TGFβ-inducible genes like 

βig-h3 and α-sm-actin in glaucomatous TM and other genes mentioned above (Figure 3 and 

5) leads us to believe that ROS-driven activation of TGFβs may be a factor responsible for 

the overmodulation of ECM genes/proteins that in turn interrupts the smooth flow of 

aqueous humor.

Moreover, the concentration of ROS generated by cells in response to internal as well as 

external environment is tightly regulated by antioxidants, because excessive accumulation of 

ROS leads to cellular damage and results in cell death. We think that reduced expression of 

PRDX6 in TM cells may be associated with ROS-driven-activation of TGFβ-mediated 

overstimulation of genes in TM cells as well as DNA damage in these cells. Previously we 

have reported that ROS-driven oxidative stress could influence down-stream signaling [3], 
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such as attenuation of transcriptional activity of LEDGF, an activator of PRDX6 

transcription [7]. We found that repression of PRDX6 was due to activation and expression 

of TGFβ by overproduction of ROS [3]. Moreover, the concentration of ROS generated by 

cells in response to internal or external stimuli are tightly controlled by antioxidants, 

because excessive production usually results in failure cellular homeostasis or in cell death. 

We think that repression of PRDX6 in TM cells might be linked to ROS induced activation 

of TGFβ and its mediated attenuation of Prdx6 transcription. Furthermore, ROS, a source of 

oxidative stress, have received attention recently due to its role as a signaling molecule for 

various growth factors, including TGFβs. However, the adverse effect of TGFβ1 and TGFβ2 

on anti-death factors has been reported [3, 7]. Moreover, TGFβs are normally present in the 

aqueous humor of the eye [16]. Increased IOP in human eye caused by TGFβs indicates that 

TGFβs are involved in pathogenesis of glaucoma; it causes increased ECM proteins and 

phenotypic changes in the TM cells [10]. TGFβ is known to be activated when ROS are 

produced, and that TGFβ subsequently induced ROS production. We believe that during 

glaucoma, due to down regulation of PRDX6, ROS production is increased; TGF β is 

activated that further enhances ROS production by down regulating PRDX6. We believe 

that by blocking ROS-mediated deleterious effects should reduce progression of glaucoma 

by interrupting the vicious cycle initiated by locally high levels of ROS and ROS-induced 

TGFβs activation and its overstimulated genes. However, it appears reduced expression of 

PRDX6 is associated with activation TGFβ by ROS. We and others have reported that 

cloned PRDX6 is a real savior of cells facing oxidative stress [3, 5, 7, 25, 28], in the present 

study we showed that TAT-HA-PRDX6 efficiently internalizes into TM cells, protecting 

them from TGFβs- or H2O2-induced abnormalities (Figures 1, 4, 5, 6). Most importantly, the 

present study demonstrated the ability of PRDX6 to attenuate the senescence process as well 

as DNA damage (Figure 7). Oxidative stress has been implicated in the aging process and in 

pathology of several age-related disorders [51, 52] including glaucoma [53]. Primary open 

glaucoma (POAG) is characterized by an accumulation of senescence cells [53, 54, 55]. In 

view of our findings, we believe that PRDX6 plays a pivotal role in maintaining TM cell 

biology, and its reduced expression in TM cells is a cause of TM cell abnormalities. 

However, a more complete understanding of the pathogenesis of glaucoma requires further 

attention to dissect out the roles of other cell types producing ECM and complex networks 

of growth factors involved in progression or initiation of the glaucoma associated 

pathological process. In summary, we presented evidence that ROS-mediated adverse 

signaling is a plausible cause of disturbances in TM cell biology that in turn lead to 

development of elevated IOP resulting in glaucoma. Because PRDX6 is able to reverse the 

ROS- or TGFβs-induced insult to TM cells as well as attenuate the senescence process, this 

protein may be a novel candidate to block or delay ROS-associated pathophysiology, 

including glaucoma.
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Figure 1. TM cells derived from glaucomatous human subjects display abnormal phenotypes 
and reduced expression of PRDX6 mRNA and protein
A, Photomicrograph showing TM cell morphology, nonglaucomatous (a) and glaucomatous 

(b) cultured in vitro. Cells were maintained in Opti-MEM with 10% FBS. Glaucomatous 

TM cells appeared flattened in shape with larger nuclei (typical senescence-like 

morphology) compared to control. Figures are representative of experiments. B, Quantitative 

real-time PCR showing differential expression of Prdx1-6 mRNA in glaucomatous and 

nonglaucomatous TM cells using their specific primers. Total RNA was isolated and 

transcribed into cDNA. Real-time PCR was performed [3, 8, 28]. mRNA expression of each 

Prdx was adjusted to the mRNA copies of GAPDH. Results indicated that mRNA 

expression level of Prdx6 was significantly decreased in glaucomatous TM cells (B, open 

bar vs black bar) compared to other Prdxs. However, an abundant level of Prdx 3 mRNA 

was present but could not control cellular integrity of TM cells, suggesting that Prdx6 has a 

major role in maintaining cellular homeostasis in TM cells (B, open bar vs black bar). C, 

Western analysis showing significantly reduced expression of PRDX6 protein in 

glaucomatous TM cells (upper panel; right lane, G). β-actin bands represent equal loading 

(lower panel; N and G).
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Figure 2. TM cells derived from glaucomatous subjects showing increased expression of ROS
A, cells were cultured in 96 well plates containing Opti-MEM plus 10% FBS as described in 

Materials and Methods. The next day, the medium was replaced with HBSS containing 5–

10µg of H2-DCFH-DA, and fluorescence intensity was measured using DTX 880, 

Multimode detector, adjusted at 485nm (excitation) and 535nm (emission) (Beckman 

Coulter). Histogram values are means ± SD of 3 independent experiments, each with 

triplicate wells, showing increased levels of ROS in glaucomatous TM cells (G, open bar, 

*p< 0.05). B, Glaucomatous TM cells secrete bioactive TGFβ. Cells were cultured in 96 

well plate for 72 h, culture supernatant was collected, and bioactive TGFβ was assessed 
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using Emax immunoassay system (Promega). Equal numbers of nonglaucomatous cells were 

also cultured and supernatant was used as control. A higher level of TGFβ1 was detected in 

glaucomatous cells (B, open bar, **p< 0.001) in comparison to nonglaucomatous TM cells. 

From another set of experiments, cells extract was prepared and used for Western analysis. 

The level of TGFβ1 protein was comparatively higher in glaucomatous TM cells (C, upper 

panel). To see the expression level of Tsp-1, a protein implicated in activation of TGFβ and 

glaucoma pathogenesis, the membrane stained earlier with PRDX6 or β-actin antibody, was 

stripped and reprobed with Tsp-1 antibody. The results revealed an increased level of Tsp-1 

(C, right lane; G).
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Figure 3. Western analysis of TM cells from glaucomatous (G) subjects showing increased 
expression of ECM proteins
A, α-sm-actin (a, right lane), βig-h3 (b, right lane), TGase-2 (e, right lane), fibronectin (f, 

right lane) and PAI-1(g, right lane) expression was increased in glaucomatous cells, while 

these cells showed decreased expression of MMP2 (c, right lane). B and C, Western and 

real-time PCR analysis showing increased expression of tropomyosins (Tmp1α and Tmp2β) 

protein and Tmp 2β mRNA in glaucomatous TM cells. Cells were cultured, harvested, and 

processed for protein and RNA extraction and analyzed for protein and mRNA levels as 
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described earlier [3, 7, 25]. Data disclosed elevated expression of Tmps protein (B, right 

lane) and mRNA (C, black bar, **p < 0.0001). No change in β-actin expression revealed 

equal loading of samples (B).
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Figure 4. Western analysis showing internalization of TAT-HA-PRDX6 in TM cells
A, Recombinant PRDX6 linked TAT were generated and purified as described earlier [7, 8]. 

The protein was supplied to the culture medium at a concentration of 4 µg/ml and 

transduction efficiency of TAT-HA-PRDX6 was evaluated at 1, 3, 5, and 24h. HA-PRDX6 

was used as control (lane, c). 3 h later, cells were washed several times, cell extracts were 

prepared, and Western blot was carried out with anti-His antibody (Invitrogen). Lane S, 

culture medium after 1 h of addition; Protein band corresponding to lanes 1, 3, 5, 24 denotes 

time after TAT-HA-PRDX6 protein; lane C, control (HA-PRDX6 without TAT). Results 

showed that TAT-HA-PRDX6 internalized into cells while HA-PRDX6 did not. A, lower 

panel showed protein bands of TAT-HA-PRDX6 (lane1 upper band) and native PRDX6 

(lane 1 and 2, lower band). To visualize delivered PRDX6 and native PRDX6, membrane 

was probed with PRDX6 monoclonal antibody and visualized as described in ‘Materials and 

Methods’ section. (B) Photomicrographs showing that a supply of PRDX6 attenuated 

TGFβ1 and TGFβ 2 induced adverse changes in TM cells (passage (P3), and restored normal 

phenotypes. TM cells derived from nonglaucomatous subjects (P3) were cultured in Opti-

MEM plus 10% FBS. These cells were supplied with TAT-HA-PRDX6 or every third day 

up to P12. Photomicrographs were taken at P8 and are representative of three experiments.
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Figure 5. A, TM cells obtained from nonglaucomatous subjects treated with TGFβ1 or 2 showed 
reduced expression of PRDX6
Cells (P3) were treated with TGFβs (1 or 2ng/ml) for 72h. Cell extract was prepared and 

Western blot was conducted using PRDX6 specific antibody. Results disclosed that 

TGFβ1/2 treatment of TM cells resulted in suppression of the PRDX6 expression, and the 

effect of TGFβ2 was more prominent than TGFβ1. B, Western blot showing that TGFβ-

induced abnormal expression of ECM proteins in TM cells was reversed by PRDX6 

delivery. Cells were treated with TGF-β1 at 1 ng/ml for 3 days. In parallel experiments, cells 

were supplied with TAT-HA-PRDX6 (4 µg/ml) 3 h prior to TGFβ treatment to evaluate its 

ability to prevent TGFβ-induced overexpression of ECM proteins. Cells supplied with 

PRDX6 showed reversal of the TGFβ-induced overmodulation of proteins (lane 3, panels; a-

e).
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Figure 6. Photomicrographs showing the ability of PRDX6 in protecting TM cells against 
oxidative stress
Cells were cultured overnight in Opti-MEM +10% FBS. On the second day cells were 

exposed to H2O2 for 4h. After an overnight recovery period, cells were photomicrographed. 

Arrow heads indicate dead cells (a and b). A, supply of TAT-HA-PRDX6 prior to H2O2 

treatment showed enhanced cellular survival (c and d). (B) MTS assay showing cell viability 

in the presence (Open bar) or absence (black bar) of PRDX6 (open bar vs black bar, *p 

<0.05; **p < 0.001), indicating that the protein had protected the cells from H2 O2- driven 

oxidative stress-induced cell death.
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Figure 7. PRDX6 delivery attenuated the senescence process of TM cells
TM cells cultured in vitro underwent senescence and showed morphology typical of 

glaucomatous TM cells. TM cells (P3) were cultured with or without PRDX6 (4µg/ml every 

third day) up to P12. Cells were photomicrographed (P12) and presented (A). To test 

whether PRDX6 reversed senescence markers, P21 and P16, Western analysis (B) was 

carried out using specific antibodies of the corresponding proteins. Results revealed the 

ability of PRDX6 in attenuating the senescence process in TM cells. Figure C demonstrates 

that PRDX6 protects TM cells against DNA damage occurring during the senescence 

process (C, a). TM cells, treated with or without TAT-HA-PRDX6 were fixed and 

immunostained using Alexa Fluor® 488 Signal-Amplification kit (Molecular Probes). 

Visualization of antibody complex was done by fluorescent microscopy using absorption/

emission maxima ~495/519 nm.
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