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ABSTRACT 

Trichostatin A (TSA) has been shown to prevent fibrosis in vitro and in vivo. The present 

study aimed at investigating the role of reactive oxygen species (ROS) scavenging by TSA on 

TGF-β-induced myofibroblast differentiation of corneal fibroblasts in vitro. Human immortalized 

corneal fibroblasts were treated with TGF-β in the presence of TSA, the NAD(P)H oxidase 

inhibitor diphenyleneiodonium (DPI), antioxidant N-acetyl-cysteine (NAC), the NF-E2-related 

factor 2-antioxidant response element (Nrf2-ARE) activator sulforaphane, or small interfering 

RNA. Myofibroblast differentiation was assessed by α-smooth muscle actin (α-SMA) expression, 

F-actin bundle formation and collagen gel contraction. ROS, H2O2, intracellular glutathione (GSH) 

level, cellular total antioxidant capacity and the activation of Nrf2-ARE signaling were 

determined with various assays. Treatment with TSA and the Nrf2-ARE activator resulted in 

increased inhibition of the TGF-β-induced myofibroblast differentiation as compared with 

treatment with DPI or NAC. Furthermore, TSA also decreased cellular ROS and H2O2 

accumulation induced by TGF-β, whereas it elevated intracellular GSH level and cellular total 

antioxidant capacity. In addition, TSA induced Nrf2 nuclear translocation and up-regulated the 

expression of Nrf2-ARE downstream antioxidant genes, whereas Nrf2 knockdown by RNA 

interference blocked the inhibition of TSA on myofibroblast differentiation. In conclusion, this 

study provides the first evidence implicating that TSA inihibits TGF-β-induced ROS accumulation 

and myofibroblast differentiation via enhanced Nrf2-ARE signaling. 
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INTRODUCTION 

Fibroblast activation and myofibroblast generation are the primary biological events during 

wound healing that are responsible for progressive fibrotic diseases, including hepatic and 

pancreatic fibrosis, as well as scar formation of the skin and the cornea (Hinz et al., 2012; Jester, 

2006). The expression of α-smooth muscle actin (α-SMA) is considered to be a useful marker for 

myofibroblast differentiation both in vitro and in vivo. Transforming growth factor beta (TGF-β) 

appears to be the most important growth factor that induces the α-SMA+ myofibroblast phenotype, 

and activates the synthesis and deposition of extracellular matrix (ECM) components, including 

the alternatively spliced fibronectin variant and collagen types I, III and VI (Friedman, 2008; Hinz 

et al., 2007; Jester et al., 2003; West-Mays and Dwivedi, 2006). Accumulating evidence indicates 

that increased oxidative stress is critical for the development of fibrotic diseases in humans, such 

as various pulmonary fibrotic disorders, liver fibrosis/cirrhosis, renal fibrosis, and fibrotic cardiac 

repair/remodeling after infraction (Liu and Gaston Pravia, 2010). The essential cytokine in fibrosis 

development, TGF-β, increases reactive oxygen species (ROS) production in fibroblasts, whereas 

the generated ROS in turn stimulates fibroblast activation and myofibroblast differentiation 

(Amara et al., 2010; Barnes and Gorin, 2011; Bocchino et al., 2010; Crestani et al., 2011; 

Sampson et al., 2011).  

In mammalian cells, the interactions between histone acetyltransferases (HATs) and histone 

deacetylases (HDACs) play important roles in the regulation of gene expression (Xu et al., 2007). 

As reported recently, several well-known HDAC inhibitors, such as Trichostatin A (TSA), sodium 

butyrate and Vorinostat, exert anti-fibrotic effects by inhibiting myofibroblast differentiation of 

hepatic and pancreatic stellate cells, as well as of skin and nasal polyp-derived fibroblasts, both in 
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vitro and in vivo (Bulow et al., 2007; Cho et al., 2012; Ghosh et al., 2007; Glenisson et al., 2007; 

Huber et al., 2007; Niki et al., 1999). As for the cornea, the application of HDAC inhibitors 

significantly decreases laser-induced corneal haze in vivo, and inhibits corneal fibroblast 

activation, proliferation, and migration, as well as myofibroblast differentiation, in vitro (Kitano et 

al., 2010; Sharma et al., 2009; Tandon et al., 2012; Zhou et al., 2008; Zhou et al., 2010). However, 

the exact mechanism through which TSA affects TGF-β-mediated myofibroblast differentiation 

has not yet been completely elucidated, although it has been described that TSA regulates the 

expression of endogenous co-repressor or activator of TGF-β, such as TGIF and Sp1, as well as of 

Smad and Akt signaling pathways (Bulow et al., 2007; Cho et al., 2012; Kitano et al., 2010).  

NF-E2-related factor 2 (Nrf2) is important for maintaining intracellular glutathione levels and 

redox homeostasis, and plays a critical role in the defense against oxidative stress by activating the 

expression of several ROS-detoxifying enzymes and stimulating the production of antioxidants 

(Kensler et al., 2007). Under normal physiological conditions, Nrf2 is sequestered in the 

cytoplasm through an interaction with Kelch-like ECH-associated protein 1 (Keap 1), and targeted 

for ubiquitination and proteasomal degradation. However, oxidative stress stimulates the 

dissociation of the Nrf2-Keap 1 complex and promotes the translocation of Nrf2 into the nucleus 

as well as the expression of Nrf2-antioxidant response element (-ARE) target antioxidant genes, 

such as catalase, superoxide dismutase (SOD), glutathione peroxidase, heme oxygenase-1 (HO-1), 

NAD(P)H quinone oxidoreductase-1 (NQO-1), and glutamate-cysteine ligase (GCLC) (Itoh et al., 

2004; Itoh et al., 1999). 

Based on previous descriptions about the roles of ROS in myofibroblast differentiation, the 

present study aimed at investigating whether the suppression of TSA on myofibroblast 
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differentiation was related, in part, to the regulation of ROS accumulation induced by TGF-β 

treatment. 

 

MATERIALS AND METHODS 

Cell culture and treatment 

Telomerase-immortalized human corneal fibroblasts (HTK cell line, presented by Prof. Jester 

of University of California, Irvine) were cultured in Dulbecco modified Eagle medium (DMEM, 

Invitrogen, Grand Island, NY) supplemented with 10% fetal bovine serum (FBS, Invitrogen), 100 

U/ml penicillin and 100 μg/ml streptomycin (Jester et al., 2003). For myofibroblast differentiation, 

HTK cells were treated with 5 ng/ml TGF-β1 (R&D Systems, Minneapolis, MN) for 3 days with 

or without Trichostatin A (400 nM, Sigma, St. Louis, MO), the NAD(P)H oxidase inhibitor 

diphenyleneiodonium (DPI, 0.1 μM, Sigma), the antioxidant N-acetyl-cysteine (NAC, 0.1 mM, 

Sigma) or the Nrf2-ARE activator sulforaphane (SF, 10 μM, Sigma). For the small interfering 

RNA (siRNA) transfection, Nrf2 siRNA or control siRNA oligos (60 nM, ID sc-44332 and 

sc-37007, Santa cruz, CA) were transfected into the cells using Lipofectamine 2000 in 

DMEM/F12 medium without serum and antibiotics. Normal medium (DMEM/F12 supplement 

with 10% FBS and antibiotics) was replenished and cultured overnight after 4 h transfection. The 

cells then were treated with TGF-β and TSA for 1 day (for Nrf2 detection) or for 2-3 days (for 

RT-qPCR, western blot and ROS staining). The treatment concentrations used in the present study 

had been evaluated and optimized in our primary experiments.  

Immunofluorescence staining 

Cells were fixed using 4% paraformaldehyde for 10 min at room temperature followed by 
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permeabilization with 0.2% Triton X-100. Nonspecific staining was blocked with 5% normal goat 

serum. The samples were incubated with FITC-conjugated phalloidin (Alexis Biochemicals, San 

Diego, CA), rabbit anti-α-SMA (Abcam, Cambridge, MA), and rabbit anti-Nrf2 (Santa Cruz) 

primary antibodies at 4°C overnight. The samples were then incubated with 

fluorescein-conjugated secondary antibodies (Invitrogen) at 37°C for 1 h. Cell staining was 

examined under a Nikon confocal laser-scanning microscope. Negative controls were incubated 

with normal serum and the appropriate secondary antibodies. 

Reverse transcription quantitative-polymerase chain reaction 

Total RNA was extracted from corneal fibroblasts using NucleospinRNA Kits (BD 

Biosciences, Palo Alto, CA). cDNAs were synthesized from total RNA using the Primescript™ 

First-Strand cDNA Synthesis kit (TaKaRa, Dalian, China). Real-time PCR was carried out using 

SYBR® Green reagents or Taqman® probes and the Applied Biosystems 7500 Real-time PCR 

System (Applied Biosystems, Foster City, CA). The specific primers used in this assay are listed 

in Table 1. The cycling conditions were 10 sec at 95°C followed by 45 two-step cycles (15 sec at 

95°C and 1 min at 60°C). The quantification data were analyzed with the Sequence Detection 

System (SDS) software (Applied Biosystems) using GAPDH as an internal control. 

Western blot analysis 

Total protein was extracted according to our previous descriptions (Zhou et al., 2010). 

Nuclear and cytoplasmic protein was extracted using the NE-PER Nuclear and Cytoplasmic 

Extraction Reagents kit (Thermo, Rockford, IL) according to the manufacturer’s protocol. 

Samples were run on 12% SDS-PAGE gels for 2 h at 110 V and then transferred to a PVDF 
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membrane (Millipore, Billerica, MA). The blots were blocked in 5% non-fat dry milk dissolved in 

TBST for at least 1 h, and incubated with rabbit anti-α-SMA, anti-Keap1 (Sigma), and anti-Nrf2 in 

TBST for 1 h at room temperature. The blots were washed three times and incubated with a 

HRP-conjugated secondary antibody (Amersham Biosciences, Piscataway, NJ). Finally, the blots 

were visualized via enzyme-linked chemiluminescence using the ECL kit (Chemicon, Temecula, 

CA). GAPDH and the TATA binding protein (TBP) were used as the cytoplasm and nuclear 

fraction protein control. 

Measurement of reactive oxygen species generation 

For the observation of intracellular ROS generation, the cells were loaded with 10 µM 

peroxide-sensitive fluorescence probe 2,7-dichlorodihydrofluorescein diacetate, acetyl ester 

(DCHF-DA; Molecular Probes, Eugene, OR) for 30 min. The cells were observed and images 

were captured using a Nikon confocal microscopy at 488/520 nm wavelength. For the 

measurement of ROS generation, the cells were harvested and incubated with 5 µM DCHF-DA for 

20 min, washed and suspended in PBS at 5×104 cells/ml. The fluorescence intensity was measured 

using a MultiMode Microplate Reader (SpectraMax M2, Molecular Devices, Menlo Park, CA). 

Determination of hydrogen peroxide generation 

For the analysis of hydrogen peroxide accumulation, the cells were incubated with 5 µM of 

H2O2 sensor pentafluorobenzenesulfonyl fluorescein (PFBSF, Santa Cruz) for 20 min at 37℃, and 

fluorescence was detected using the Nikon microscopy and measured using the Microplate Reader 

at 488/505 nm wavelength. 

Intracellular glutathione measurement 
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The total cellular glutathione content was measured using a GSH Assay Kit (Beyotime, 

Haimen, China) according to the manufacturer instructions. Briefly, the cells were washed with 

PBS, harvested and treated with 3 volumes of protein removal reagent. The suspension was 

freeze-thawed with liquid nitrogen and a 37°C water bath 3 times. The supernatant was collected 

and mixed with the provided working buffer and NADPH. The total glutathione content was 

quantified by comparison with known glutathione standards. In some experiments, the cells were 

incubated in serum-free medium containing 50 μM monochlorobimane (MCB, Sigma) for 

30 min. Intracellular glutathione staining was observed with fluorescence microscopy. 

Total antioxidant capacity measurement 

Cellular total antioxidant capacity (TAC) was measured according to the manufacturer’s 

instructions (Beyotime). In brief, the cells were collected, homogenized and incubated with 

2,2’-azino-di-[3-ethylbenzthiazoline sulfonate] (ABTS) for 5 min. The absorption was measured 

at 600 nm. The results were calibrated to the concentration of total protein in the samples. 

Three-dimensional collagen gel culture 

Fibroblast-contained collagen gel were prepared by mixing 8 ml collagen (5 mg/ml, 

Invitrogen) with 1 ml of 10×DMEM, 0.8ml H2O, and 0.2 ml 1 M NaOH on ice before adding 10 

ml of cell suspension with the cell density of 3.5×105/ml. Collagen gels were cast in 24 well 

culture plate (0.5 ml/well). After polymerization for 1 h at 37°C, gels were detached and covered 

with different medium containing TGF-β (5 ng/ml), TSA (400 nM), DPI (0.1 μM), NAC (0.1 mM), 

or Sulforaphane (10 μM). After incubation for 2 days, the collagen gel lattices were photographed, 

gel contraction were calculated by determining the remaining surface area by image J analysis and 
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the results were showed as the percentage of control area. 

Statistical analysis 

The figures in this study are representative of more than 3 different experiments. Differences 

between the control and treated groups were analyzed using Student’s T-test or ANOVA. P<0.05 

was considered to be statistically significant. 

 

RESULTS 

Trichostatin A inhibits TGF-β-induced myofibroblast differentiation 

Human corneal fibroblasts were treated with TGF-β in the presence or absence of TSA to 

evaluate the inhibitory effects of TSA on myofibroblast differentiation. In agreement with our 

previous studies (Zhou et al., 2008; Zhou et al., 2010), TGF-β induced myofibroblast morphology 

appearance, enhanced α-SMA expression and F-actin filament formation. In contrast, the cells 

treated with TSA in addition still maintained a fibroblastic morphology and showed similar degree 

of staining for α-SMA and F-actin as control cells (Fig. 1A). Real-time PCR results showed that 

TGF-β induced 2.28-, 4.18-, 13.43- and 6.38-fold increase in the abundance of α-SMA, collagen I, 

collagen IV and SPARC mRNA transcripts, respectively, in corneal fibroblasts, whereas the 

addition of TSA down-regulated their expressions to the equivalent to those of the control cells 

(Fig. 1B). The quantification of protein level by western blotting also showed that TSA strongly 

inhibits the increased synthesis of α-SMA by TGF-β (Fig. 1C).  

Trichostatin A blocks TGF-β-induced ROS and H2O2 accumulation 

Human corneal fibroblasts were loaded with DCHF-DA and PFBSF to detect the 
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accumulation of intracellular ROS and H2O2, respectively. A significant amount of ROS was 

generated in corneal fibroblasts treated with TGF-β for 3 days (Fig. 2). The addition of TSA 

significantly decreased the accumulation of ROS in a dose-dependent manner, with a greater than 

2-fold decrease in response to 400 nM TSA compared with the cells treated with TGF-β alone (Fig. 

2). However, TSA alone did not decrease the ROS basal level when compared with control cells 

(Fig. 2). In addition, H2O2 staining and measurement revealed that TSA also reverses the increased 

accumulation of H2O2 induced by TGF-β in corneal fibroblasts (Fig. 3).  

Trichostatin A restores TGF-β-decreased cellular GSH level and total antioxidant capacity 

Monochlorobimane, a non-fluorescent cell-permeable compound that reacts with 

thiol-containing molecules including glutathione to form a strong blue fluorescent conjugate 

bimane-glutathione (Chatterjee et al., 1999), was used to evaluate the effects of TGF-β and TSA 

on the regulation of cellular glutathione level. As shown in Fig. 4, TGF-β treatment decreased 

intracellular GSH staining, whereas this inhibitory effect was fully recovered, and levels even 

up-regulated, by the addition of TSA. Based on the biochemical analysis of total cellular 

glutathione content, TSA increased the cellular GSH level more than 2-fold compared with the 

cells treated with TGF-β alone (Fig. 4). To evaluate the effects of TGF-β and TSA on the 

regulation of cellular redox balance, cellular total antioxidant capacity was measured with an 

ABTS assay. The results showed that TGF-β treatment decreases the cellular total antioxidant 

capacity of corneal fibroblasts, whereas these inhibitory effects are fully reversed by TSA 

supplement (Fig. 5).  

Trichostatin A activates Nrf2-ARE signaling pathway 
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Because the Nrf2-ARE signaling pathway plays an important role in the maintenance of 

cellular glutathione level, we investigated whether Nrf2-ARE signaling was activated when 

human corneal fibroblasts were treated with TSA. Treating cells with TSA, or the Nrf2-ARE 

signaling activator sulforaphane, in addition to TGF-β resulted in the enhanced nuclear 

accumulation of Nrf2, whereas TGF-β-treatment alone showed more staining in the cytoplasm 

(Fig. 6A). The western blotting results showed that the addition of TSA significantly elevates the 

Nrf2 level in nuclear fraction more than 3-fold compared with TGF-β-treatment alone (Fig. 6A). 

TGF-β alone down-regulated the accumulation of Nrf2 level in both nucleus (Fig. 6A) and 

cytoplasm compared with control, but did not cause significant changes on Keap 1 expression. 

Moreover, TSA reversed the TGF-β-induced decreased expression of Nrf2 downstream 

antioxidants at both mRNA and protein level (Fig. 6B, C), including mitochondrial SOD2, 

catalase, thioredoxin, glutaredoxin, heme oxygenase-1, NAD(P)H quinone oxidoreductase-1 and 

glutamate-cysteine ligase catalytic. However, TSA alone did not induce an increase in the level of 

Nrf2 downstream antioxidants compared with control cells (Fig. 6B, C). TSA treatment 

down-regulated TGF-β-induced increase in the level of Nox4 protein, but showed no impairment 

on the Nox4 mRNA transcripts (Fig. 6B, C).  

Nox inhibitor, antioxidant and Nrf2 activator impair TGF-β-induced myofibroblast 

differentiation 

TGF-β stimulates reactive oxygen species generation, which in turn mediates myofibroblast 

differentiation (Bocchino et al., 2010; Sharma et al., 2009). To examine whether the myofibroblast 

differentiation of corneal fibroblasts by TGF-β treatment was mediated through enhanced ROS 

generation and accumulation, the cells were exposed to the Nox inhibitor DPI, the antioxidant 
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NAC, or the Nrf2-ARE signaling activator sulforaphane, before the addition of TGF-β. The ROS 

level and the expression of α-SMA and F-actin were examined. The results showed that DPI, NAC 

and sulforaphane reduce the accumulation of ROS and the staining intensity of α-SMA and F-actin, 

caused by the treatment of TGF-β (Fig. 7A). Real-time PCR revealed an approximately 

36.17~43.61% reduction by DPI treatment, 15.57~31.31% reduction by NAC treatment, and 

52.14~88.82% reduction by sulforaphane treatment, in the levels of α-SMA, Collagen I, Collagen 

IV and SPARC mRNA transcripts relative to TGF-β treatment alone (Fig. 7B). Western blotting 

showed that the treatments decrease the α-SMA protein level with about 21.09%, 30.69% and 

55.68% reduction relative to TGF-β treatment alone in response to DPI, NAC and sulforaphane, 

respectively (Fig. 7C). These results indicate that Nox inhibitor and antioxidant mediate ROS 

scavenging only partially, whereas Nrf2-ARE signaling activator almost fully inhibits 

TGF-β-induced myofibroblast differentiation of corneal fibroblasts. 

Nrf2 knockdown blocks the inhibition of Trichostatin A on myofibroblast differentiation 

To explore the effects of Nrf2 knockdown on the inhibition of myofibroblast differentiation 

by TSA treatment, corneal fibroblasts were transfected with Nrf2 siRNA and then subjected to 

TGF-β and TSA treatment. The Nrf2 level in nucleus was reduced, whereas intracellular ROS 

accumulation was elevated, in Nrf2-siRNA transfected cells when compared with the control 

siRNA-transfected cells (Fig. 8A, B). Furthermore, the levels of Collagen I, Collagen IV, and 

SPARC mRNA transcription, as well as α-SMA expression at both mRNA and protein level, were 

all elevated significantly in Nrf2-siRNA transfected cells as compared with both the sham-siRNA 

control cells and the cells treated with TSA without siRNA (Fig. 8A, C). 
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Trichostatin A decreases TGF-β-induced collagen gel contraction 

To explore if TSA can decrease cell contraction capacity by inhibiting myofibroblast 

differentiation, collagen gel contraction assays were performed according to previous report with 

minor modifications (Huet et al., 2008). The results showed that both TSA and the Nrf2 activator 

sulforaphane induced more significant decreasing than either DPI or NAC in the gel contraction 

induced by TGF-β (Fig. 9). 

 

DISCUSSION 

Previous studies have confirmed that Trichostatin A (TSA) exerts an anti-fibrogenic effect by 

inhibiting myofibroblast differentiation in corneal fibroblasts, and prevents corneal haze or scar 

formation in vivo (Kitano et al., 2010; Sharma et al., 2009; Zhou et al., 2008). In the present study, 

we demonstrate that TSA inhibits myofibroblast differentiation and contraction capacity, elevates 

intracellular GSH level and cellular total antioxidant capacity, as well as decreases cellular ROS 

and H2O2 accumulation induced by TGF-β treatment. Moreover, TSA, as effectively as Nrf2-ARE 

activator, induces Nrf2 nuclear translocation and up-regulates the expression of genes downstream 

of the Nrf2 transcription factor, whereas Nrf2 knockdown by RNA interference blocks the 

inhibition of TSA on myofibroblast differentiation. In addition, Nox inhibitor or antioxidant 

treatments only partially inhibit myofibroblast differentiation, although both treatments 

significantly scavenge the elevated ROS induced by TGF-β in corneal fibroblasts. These results 

provide the first evidence that TSA inihibits TGF-β-induced ROS accumulation and myofibroblast 

differentiation via enhanced Nrf2-ARE signaling. 
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Oxidative stress plays a significant role in the initiation and progression of various diseases, 

including cardiovascular, renal and fibrotic diseases, by generating reactive stress species in the 

forms of superoxide and hydrogen peroxide (Hirooka et al., 2010; Kao et al., 2010; Liu and 

Gaston Pravia, 2010; Rocha et al., 2010). Exacerbated ROS production may cause intracellular 

macromolecular damage directly, or induce cellular damage through ROS functioning as signaling 

molecules in several stress-sensitive pathways (Kregel and Zhang, 2007; Trachootham et al., 

2008). However, accumulating evidence indicates that the effects of ROS are not always 

deleterious. Low level of intracellular ROS may act as essential signaling molecules to mediate 

multiple cellular functions, including proliferation, apoptosis, migration and differentiation (Droge, 

2002; Li and Marban, 2010; Ushio-Fukai and Urao, 2009; Valko et al., 2007). In corneal 

fibroblasts, we found that TGF-β induces myofibroblast differentiation, while elevating cellular 

ROS and H2O2 accumulation by inhibiting the expression of redox balance regulatory genes. 

Moreover, both the intracellular GSH level and total antioxidant capacity were decreased after 

treatment with TGF-β, which suggests that TGF-β may disturb the redox balance of corneal 

fibroblasts and promote the shifting of the cells into a state of oxidative stress. The results are 

consistent with previous reports as TGF-β increased ROS production in numerous types of 

non-phagocytic cells, including aortic smooth muscle cells, prostatic stromal cells, hepatic stellate 

cells, cardiac, and lung and skin fibroblasts (Baek et al., 2012; Bocchino et al., 2010; Bondi et al., 

2010; Hecker et al., 2009; Michaeloudes et al., 2011; Sampson et al., 2011). It has been shown that 

TGF-β increases the activity of NAD(P)H oxidase and the expression of Nox2 and Nox4, and that 

both these two homologs of the Nox family are the ones that mainly mediate the TGF-β-induced 

ROS accumulation (Crestani et al., 2011; Hecker et al., 2009; Jiang et al., 2010; Sampson et al., 
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2011). Here we also found that the mRNA and protein expression levels of Nox4 were 

up-regulated in corneal fibroblasts treated with TGF-β, suggesting that TGF-β may be involved in 

the myofibroblast differentiation of corneal fibroblasts via a pathway involving Nox4-mediated 

ROS generation. 

TSA is a potent and specific inhibitor of class I and II HDAC activity, which can induce 

transformed cell growth arrest, terminal differentiation, cell death and/or the inhibition of 

angiogenesis, but shows no toxicity on normal cells (Xu et al., 2007). Although the cellular 

response depends on the cellular context, concentration and exposure time of HDAC inhibitors, 

ROS accumulation may be an important mechanism of HDAC inhibitor-induced transformed cell 

death (Lee et al., 2010; Marks and Xu, 2009). However, in contrast to transformed cells, we here 

confirmed that TSA can scavenge the accumulated ROS and H2O2 induced by TGF-β treatment in 

corneal fibroblasts, but TSA alone cannot cause ROS scavenge when compared with control cells. 

Moreover, TSA elevates cellular GSH level and total antioxidant capacity, which suggests that 

TSA fully reverses TGF-β-induced imbalance of cellular redox and prevents the shifting of cell 

state into an oxidative state. Among the players in cell defense against oxidative stress, Nrf2-ARE 

signaling is an important transcriptional factor that activates the expression of ROS-detoxifying 

phase 2 enzymes and stimulates the production of antioxidants, including glutathione (Kensler et 

al., 2007). Nrf2 is sequestered in the cytoplasm through association with Keap1 and is targeted for 

ubiquitination and proteasomal degradation, and the disruption of the Keap1-Nrf2 complex is the 

prerequisite for the nuclear translocation of Nrf2 and its subsequent binding to ARE to increase 

the expression of genes of anti-oxidative enzymes to scavenge reactive oxygen species (Kensler et 

al., 2007). In this study we found that TSA promotes the nuclear accumulation of Nrf2 and 
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increases the expression of its downstream target antioxidant genes, which suggests the activation 

of Nrf2-ARE signaling by TSA. However, the expression level of Keap1 in the cytoplasm was not 

changed by either TGF-β or TSA treatment, suggesting that the activation of Nrf2-ARE signaling 

by TSA may not occur through the promotion of Keap1 protein degradation. These results are 

inconsistent with a previous report that showed that resveratrol, an alternative HDAC inhibitor, 

protected human keratinocytes from oxidative stress damage by down-regulating Keap1 

expression (Liu et al., 2011). TSA-induced Nrf2 activation may be related to the acetylation state 

of Nrf2 and/or changed acetylation levels of histones that are local to the ARE-binding sites (Liu 

et al., 2008; Sun et al., 2009). Moreover, it should be mentioned that TSA (alone or in the 

presence of TGF-β), compared with TGF-β alone, induces the down-regulation of Nox4 at protein 

level, the main NAD(P)H oxidase in myofibroblast differentiation and fibrosis. However, both 

Nox inhibitor (DPI) and antioxidant (NAC) only partially inhibited the myofibroblast 

differentiation of corneal fibroblasts, although both of them scavenged the accumulation of ROS 

caused by the treatment of TGF-β. The results suggest the regulation of Nox system may be also 

involved in TSA-mediated ROS scavenging effect. In addition, we found that TSA alone cannot 

activate the expression of Nrf2-ARE signaling downstream anti-oxidant genes, suggesting that 

TSA alone is not a typical anti-oxidant, but it can block TGF-β-induced ROS accumulation and 

myofibroblast differentiation through enhanced Nrf2-ARE signaling. 
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LEGENDS FOR FIGURES  

Figure 1. Trichostatin A (TSA) inhibits TGF-β-induced myofibroblast differentiation. Human 

corneal fibroblasts were treated with TGF-β and 400nM TSA for 3 days. TSA inhibited 

myofibroblast differentiation of human corneal fibroblasts induced by TGF-β as shown in cellular 

morphology and weakened α-SMA and F-actin immunofluorescence staining (A). TSA almost 

completely inhibited the up-regulated expressions of fibrosis-related genes by TGF-β both at the 

mRNA (B) and protein levels (C). *p<0.05 compared with cells treated with TGF-β alone.  

Figure 2. Trichostatin A scavenges TGF-β-induced ROS accumulation. Human corneal 

fibroblasts were treated with TGF-β and 100~800 nM TSA for 3 days. The cells were loaded with 

DCHF-DA to detect the accumulation of cellular reactive oxygen species. TGF-β treatment 

induced significant ROS accumulation in corneal fibroblasts, whereas TSA decreased the 

accumulation of ROS in a dose-dependent manner based on both absorbance measurement and 

ROS staining. TSA alone did not show significant ROS scavenging activity when compared with 

control cells (p>0.05). *p<0.05,** p<0.01 compared with cells treated with TGF-β alone. 

Figure 3. Trichostatin A scavenges TGF-β-induced accumulation of H2O2. Human corneal 

fibroblasts were treated with TGF-β and 400 nM TSA for 3 days. The cells were loaded with 

PFBSF to detect the accumulation of H2O2. TGF-β treatment induced significant H2O2 

accumulation in corneal fibroblasts, whereas the addition of TSA decreased the accumulation of 

H2O2 based on H2O2 staining and fluorescence measurement. *p<0.05 compared with cells treated 

with TGF-β alone. 

Figure 4. Trichostatin A restores TGF-β-decreased intracellular GSH level. Human corneal 

fibroblasts were treated with TGF-β and TSA for 3 days. Intracellular glutathione (GSH) level was 
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determined by enzyme assay and monochlorobimane staining. TGF-β treatment decreased the 

intracellular GSH level of corneal fibroblasts, whereas this inhibitory effect was fully recovered 

and the levels up-regulated more than 2 fold by the addition of TSA compared with cells treated 

with TGF-β alone. *p<0.05 compared with the cells treated with TGF-β alone. 

Figure 5. Trichostatin A reverses TGF-β-decreased cellular total antioxidant capacity. Human 

corneal fibroblasts were treated with TGF-β and TSA for 3 days. Cellular total antioxidant 

capacity was measured by the ABTS assay. TGF-β treatment decreased the cellular total 

antioxidant capacity of corneal fibroblasts, whereas this inhibitory effect was reversed to the same 

level as the control cells by TSA. *p<0.05 compared with cells treated with TGF-β alone.  

Figure 6. Trichostatin A activates the Nrf2-ARE signaling pathway. Human corneal fibroblasts 

were treated with TGF-β, TSA and the Nrf2-ARE signaling activator sulforaphane for 1-3 days. 

An increased Nrf2 nuclear accumulation by TSA as compared with TGF-β alone was shown by 

both immunofluorescence staining and western blot (A). The addition of TSA to TGF-β also 

up-regulated the expression of Nrf2 downstream antioxidant genes, including mitochondrial 

superoxide dismutase (SOD2), catalase (CAT), thioredoxin (TXN), glutaredoxin (GLRX), heme 

oxygenase (HO-1), NAD(P)H quinone oxidoreductase-1 (NQO-1), and the glutamate-cysteine 

ligase catalytic subunit (GCLC) at both mRNA and protein levels (the latter only studied for 

SOD2, HO-1 and NQO-1), whereas TSA alone had no effect on the expression of Nrf2 

downstream genes compared with control cells (B, C). The expression of Nox4 NAD(P)H oxidase 

was up-regulated by TGF-β and down-regulated by the addition of TSA, or treatment with TSA 

alone, only at the protein level (C), and not at the mRNA level (B). Nrf2 (N) indicates Nrf2 in the 

nucleus, and Nrf2 (C) indicates Nrf2 in the cytoplasm. *p<0.05 compared with cells treated with 
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TGF-β alone. 

Figure 7. Nox inhibitor, antioxidant and Nrf2 activator inhibit TGF-β-induced myofibroblast 

differentiation. Human corneal fibroblasts were treated with TGF-β and DPI, NAC or the Nrf2 

activator sulforaphane for 3 days. DPI, NAC and sulforaphane inhibited TGF-β-induced 

myofibroblast differentiation as shown in the cellular morphology and weakened 

immunofluorescence staining of α-SMA and F-actin, accompanied by decreased ROS 

accumulation (A). The real-time PCR (B) and western blotting (C) results showed that TGF-β 

up-regulates the expressions of fibrosis-related genes at both the mRNA and protein levels. Nox 

inhibitor and antioxidant mediated ROS scavenging only partially, whereas the Nrf2-ARE 

signaling activator almost fully inhibited TGF-β-induced up-regulated expression of 

fibrosis-related genes. *p<0.05,** p<0.01 compared with cells treated with TGF-β alone. 

Figure 8. Nrf2 knockdown blocks the inhibition of Trichostatin A on myofibroblast 

differentiation. Human corneal fibroblasts were transfected with Nrf2 siRNA or control siRNA 

and then treated with TGF-β and TSA for 1-2 days. The Nrf2 level in nucleus [Nrf2 (N)] was 

reduced in Nrf2-siRNA transfected cells when compared with the sham-siRNA-transfected cells 

or cells treated with TSA without siRNA (A). Moreover, Nrf2-siRNA also abolished the ROS 

scavenging of TSA treatment (B). Furthermore, the levels of Collagen I, Collagen IV and SPARC 

mRNA transcription, as well as α-SMA in both mRNA transcription and at protein level, were all 

elevated significantly in Nrf2-siRNA transfected cells as compared with the 

sham-siRNA-transfected cells or cells treated with TSA without siRNA (C). *p<0.05 compared 

with sham-siRNA-transfected cells or cells treated with TSA alone. 
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Figure 9. Trichostatin A inhibits TGF-β-induced collagen gel contraction. Human corneal 

fibroblasts were mixed with collagen and polymerization at 37°C. Gels containing cells were 

detached and incubated with different medium containing TGF-β and TSA, DPI, NAC or 

sulforaphane for 2 days. The collagen gel lattices were photographed and gel contraction was 

calculated by determining the remaining surface area. Both TSA and the Nrf2 activator 

sulforaphane induced more significant decreasing than either DPI or NAC in the gel contraction 

induced by TGF-β. *p<0.05,** p<0.01 compared with cells treated with TGF-β alone. 
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Table 1 Nucleotide sequences of primers used for RT-qPCR 

Genes Forward primer Reverse primer Gene accession PCR type 

α-SMA 

GGTGACGAAGCAC

AGAGCAA 

CAGTTGGTGATGATG

CCATGTT 

NM_001613.2 SYBR 

Collagen I 

TTGTGCGATGACGT

GATCTGT 

TTGGTCGGTGGGTGA

CTCTG 

NM_000088.3 SYBR 

Collagen IV 

GCAAACGCTTACAG

CTTTTGG 

GGACGGCGTAGGCTT

CTTG 

NM_001845.4 SYBR 

SPARC 

GGCTTCTCCTCCTCT

GTCTT 

AACCGATTCACCAAC

TCCAC 

NM_003118.3 SYBR 

HO-1 

CAGGCAGAGAATGC

TGAGTT 

AGACTGGGCTCTCCT

TGTTG 

NM_002133 SYBR 

NQO-1 

TTCCGGAGTAAGAA

GGCAGT 

GAAGCCACAGAAAT

GCAGAA 

NM_000903 SYBR 

GCLC 

CCAGCATGTTGCTC

ATCTCT 

TGCCAATTTGTGGAC

TGAAT 

NM_001498 SYBR 

TXN Hs01555212_g1 (Applied Biosystems) NM_003329.3 Probe 

SOD2 Hs00167309_m1 (Applied Biosystems) NM_000636.2 Probe 

Catalase Hs00156308_m1 (Applied Biosystems) NM_001752.3 Probe 

GLRX Hs00829752_g1 (Applied Biosystems) NM_002064.2 Probe 
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