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Abstract

This study compares the abilities of the glutathione (GSH) and thioredoxin (Trx) antioxidant 

systems in defending cultured human lens epithelial cells (LECs) against UVA light. Levels of 

GSH were depleted with either L-buthionine-(S,R)-sulfoximine (BSO) or 1-chloro-2,4-

dinitrobenzene (CDNB). CDNB treatment also inhibited the activity of thioredoxin reductase 

(TrxR). Two levels of O2, 3% and 20%, were employed during a 1 hr exposure of the cells to 25 

J/cm2 of UVA radiation (338-400nm wavelength, peak at 365nm). Inhibition of TrxR activity by 

CDNB, combined with exposure to UVA light, produced a substantial loss of LECs and cell 

damage, with the effects being considerably more severe at 20% O2 compared to 3%. In contrast, 

depletion of GSH by BSO, combined with exposure to UVA light, produced only a slight cell loss, 

with no apparent morphological effects. Catalase was highly sensitive to UVA-induced 

inactivation, but was not essential for protection. Although UVA light presented a challenge for 

the lens epithelium, it was well-tolerated under normal conditions. The results demonstrate an 

important role for TrxR activity in defending the lens epithelium against UVA light, possibly 

related to the ability of the Trx system to assist DNA synthesis following UVA-induced cell 

damage.

INTRODUCTION

UVA light (315-400 nm wavelength) comprises 97% of the total solar UV radiation striking 

the earth(1), and 70% of this light that impinges on the human cornea reaches the lens 

epithelium(2). The amount of UVA light entering the human lens epithelium is 1,000x that 

for UVB (280-315 nm)(1), and UVA radiation is known to be potentially toxic(3, 4). In the 

presence of O2, it can react with certain chromophores such as NADPH and NADH, which 

are in high concentration in the lens epithelium(5), to produce reactive oxygen species 

(ROS), including superoxide anion, H2O2 and singlet oxygen(6-8). The epithelium contains 

a large proportion of the metabolic machinery of the lens; for example, it possesses 50% of 

the total activity of Na/K-ATPase present in the whole lens (9). Oxidative damage to the 

epithelium can result in osmotic swelling of the lens and loss of transparency(10). In spite of 

the extensive amount of UVA light passing through the human lens epithelium on a daily 
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basis, it is only solar UVB radiation, not UVA, that has been linked with the formation of 

human maturity-onset cortical cataract(11). Similarly, although the exposure of guinea pigs 

to UVA light for long periods of time produced damaging oxidative effects in the center of 

the lens, no such effects were observed in the epithelium(12). How the lens epithelium is 

able to protect itself against potentially damaging effects of UVA light is not well 

understood.

The lens epithelium is known to possess a wide array of antioxidant defenses including the 

reduced glutathione (GSH) system, catalase, superoxide dismutase and the thioredoxin (Trx) 

system(13-15). The GSH system includes NADPH, glutathione reductase, glutathione 

peroxidase, glutaredoxins and mM levels of GSH. Targets protected in lens epithelial cells 

(LECs) by GSH include a number of proteins that contain key sulfhydryl groups essential 

for epithelial function such as Na/K-ATPase, certain cytoskeletal proteins and proteins 

associated with the maintenance of normal membrane permeability(16). The Trx system 

consists of NADPH, thioredoxin reductase (TrxR), Trx peroxidase/peroxiredoxin and μM 

levels of Trx. This system has a variety of biochemical functions, including detoxification of 

H2O2, regulation of cell death, activation of transcription factors that regulate cell growth, 

and production of deoxyribonucleotides for the synthesis of DNA(17-19). Both the Trx and 

GSH systems have the capability of reducing protein disulfide bonds, with Trx functioning 

at the μM level and GSH at the mM level. Previous studies have indicated that the Trx and 

GSH systems are selective in their control of target proteins and pathways, and that Trx 

regulates a broader range of proteins and pathways compared to GSH(20, 21).

The purpose of the current study was to compare the abilities of the GSH and Trx systems in 

defending cultured human LECs against UVA light. Levels of GSH were depleted in LECs 

with the use of L-buthionine-(S,R)-sulfoximine (BSO) and 1-chloro-2,4-dinitrobenzene 

(CDNB). BSO is a potent inhibitor of glutathione synthesis(22) and has been used in a 

number of previous studies with cultured LECs(23-26). CDNB lowers GSH levels by 

forming conjugates with the tripeptide in a reaction catalyzed by glutathione S-

transferase(27, 28). CDNB also inhibits the activities of selenocysteine enzymes such as 

GSHPx and TrxR(19, 29, 30). Our study also employed two different levels of O2 during 

exposure of the cells to UVA light, a non-physiological level of 20% (the level of O2 present 

in room air) and 3%, which more closely approximates the partial pressure of O2 present in 

aqueous humor in vivo(22, 31, 32). The results demonstrate an important role for TrxR, 

possibly more so than GSH level, in defending the lens epithelium against UVA light.

MATERIALS AND METHODS

Cell culture and exposure to UVA light

Experiments were carried out with an immortalized human lens epithelial cell (LEC) line, 

SRA 01/04, established by Ibaraki et al.(33). The cells were grown in Dulbecco’s Modified 

Eagle Medium (MEM) with Earle’s salts, supplemented with 15% fetal bovine serum (FBS) 

and 50 μg/ml gentamicin. The FBS was obtained from Gibco Life technologies (Grand 

Island, NY, USA). All other reagents were from Sigma-Aldrich (St. Louis, MO, USA). 

After 7 days, when the cells had reached confluency in 150 mm plates, they were 

enzymatically removed from the plates 1 day prior to the experiment. Approximately 5×105 
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cells were plated in 35 mm plates containing MEM +15% FBS and cultured for 20 hours 

prior to the experiment. On the day of the experiment, the cells were rinsed with serum-free 

MEM, and then changed to fresh MEM without serum for 30 min. For consistent results, it 

was important that the MEM be made fresh for all of the experiments.

For the 1 hr exposures to UVA light, cells were cultured in Dulbecco’s Phosphate Buffered 

Saline (PBS; without calcium and magnesium) plus 5 mM D-glucose (dextrose), instead of 

MEM. It was important not to expose the cells to UVA light in the presence of MEM since 

this produced significant cell damage, particularly at 20% O2 levels after GSH levels had 

been lowered, presumably as a result of UVA-induced generation of ROS in the medium. 

For UVA light exposure, cells (one 35 mm plate at a time containing approximately 5×105 

cells) were placed in a plexiglass chamber (6’’ high, 12” long, 8” wide) with a glass top. The 

chamber was filled with 3% O2 (97% N2) or air (20% oxygen) depending on the experiment. 

When 3% O2 was used, the empty chamber was first flushed with the gas for 30 min prior to 

the UVA exposure, and the gas flow was continued during the 1 h irradiation. A diffuser 

was placed on top of the culture dish to ensure that the UVA light exposure was even. The 

culture dish with plated cells was kept on a plate which was maintained at 37°C using a 

circulating water bath. Control cells were kept in the same chamber as the UV-exposed 

cells, but were protected from UV exposure by use of an aluminum foil partition.

The cells were exposed to 7 mW/cm2 of UVA light (338-400nm wavelength, peak at 

365nm) for 1 hour (25 J/cm2) at 37°C in PBS + 5 mM D-glucose at either 3% or 20% O2. 

The light source was a 1000 W mercury-xenon arc lamp (Oriel Instruments, Stratford, CT, 

USA). A fan cooled the area, and a cardboard barrier blocked heat radiating from the lamp 

house in order to prevent overheating of the cells. Light was collected using a mirror and 

condenser system and passed through a copper sulfate water-cooled filter to remove heat. A 

“black glass” filter (Oriel #59152) blocked wavelengths below 230 and above 400nm. The 

intensity of the beam was adjusted using a condenser and an iris diaphragm. The horizontal 

beam was directed downward with a dichroic mirror designed to reflect light with 

wavelengths between 280 and 400nm (Oriel #66226). A “long pass” filter (Oriel #59459) 

blocked wavelengths below 338nm. The intensity of the UVA radiation was measured with 

a UVX digital radiometer (UVP Inc., San Gabriel, CA. USA).

For CDNB (1-chloro-2, 4 dinitrobenzene; Sigma-Aldrich) experiments, 5×105 cells were 

cultured in 35 mm plates overnight, and were then changed to serum-free MEM for 30 min 

prior to pretreatment with 0.02 mM CDNB for 10 min at 37°C. The cells were quickly 

rinsed with ice-cold PBS, and then changed to 2.0 ml PBS + 5mM D-glucose for UVA 

exposure, either at 3% or 20% O2 levels. For buthionine sulfoximine (BSO; Sigma-Aldrich) 

experiments, 5×105 cells were cultured in 35 mm plates overnight, and then treated with 0.5 

mM BSO in MEM + 2% FBS overnight, prior to UVA exposure. On the day of the 

experiment, cells were changed to serum-free MEM for 30 minutes, and then changed to 2.0 

ml PBS containing 5 mM D-glucose. Cells were exposed to UVA light (7 mW/cm2) for 1 

hour at either a 3% or 20% O2 level, depending on the experiment.
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Cellular assays

For studies on cell growth, cells were changed to MEM + 15% FBS immediately following 

UVA exposure. Cells were fed on days 0, 2, 4 and 6, and counted using a Coulter counter on 

days 1, 3 and 7, depending on the experiment. Changes in cell morphology were evaluated 

with use of a phase contrast microscope (Carl Zeiss, Wetzlar, Germany) on days 1, 3 and 7 

of normal culture following the various treatments. Levels of GSH in cultured cells were 

determined for conditions of control, UVA alone, CDNB alone, BSO alone, CDNB + UVA, 

and BSO + UVA. After each treatment, cells were quickly placed on ice and rinsed with ice-

cold saline. The cells were then scraped with 600 μl (200 μl × 3) of cold 50 mM EDTA. 

Proteins were precipitated by adding 70 μl of 50% trichloroacetic acid. After centrifugation, 

the supernatants were assayed for GSH using DTNB(34).

For measurement of various enzyme activities, the activity was either measured immediately 

after treatment, or the cells were then cultured normally in MEM + 15% FBS for 6 h, 24 h or 

3 days, and isolated. For catalase (CAT) activity, cells were scraped and sonicated in 100 

mM phosphate buffer, and a measured volume placed in a 2 ml chamber. Oxygen levels 

were recorded using a Gilson oxygraph(13), and slopes were measured before and after 

injection of H2O2. Units of CAT were calculated based on micromoles of H2O2 consumed 

per minute. Thioredoxin reductase (TrxR) activity was determined in cell homogenates 

using an insulin reduction assay(35). Cells were scraped with Tris-EDTA buffer, 

homogenized by repeated freezing and thawing, and sonicated. A stock reaction mixture was 

made by mixing 200 μl Hepes buffer (1 M), 40 μl of EDTA (0.2 M), 40 μl of NADPH (40 

mg/ml) and 500 μl of insulin (10 mg/ml). Approximately 25 μg protein was used per assay 

in a total volume of 120 μl which contained 40 μl of the stock reaction mixture, along with 

10 μl of a 60 μM stock solution of thioredoxin (Sigma-Aldrich). Control samples were kept 

on ice and experimental samples were incubated for 20 min at 37°C. The reaction was 

stopped by addition of 500 μl of 0.4 mg/ml DTNB/6 M guanidine hydrochloride in 0.2 M 

Tris-HCl, pH 8.0, and the absorbance was read at 412nm. Enzyme activity was expressed as 

ΔO.D. at 412 nm/mg protein(35). Activities of glutathione reductase (GR), glutathione 

peroxidase (GSHPx) and glyceraldehyde 3-phosphate dehydrogenase (G3PDH) were 

measured by following the consumption of either NADH or NADPH at a wavelength of 

340nm. GR activity was measured in supernatants after scraping the cells in 0.27 M KCl, 

sonicating, and centrifuging. GSHPX activity was measured in homogenates after scraping 

the cells in 1 M phosphate buffer containing 30 mM EDTA and 10 mM sodium azide, and 

sonicating. G3PDH activity was measured in supernatants after scraping the cells in 0.1M 

triethanolamine buffer with 2mM EDTA, pH 7.6, sonicating and centrifuging.

Isolation of total RNA

5×105 cells were exposed as described earlier to UVA alone, CDNB alone, and CDNB + 

UVA at 3% or 20% O2. Following treatment, the cells were cultured normally for 8h with 

MEM + 15% FBS. Total cellular RNA was isolated from the cells using 2 ml per plate of 

TRIZOL reagent (Invitrogen, Carlsbad, CA, USA) containing phenol and guanidine 

isothiocyanate. The homogenized sample was treated with chloroform, and the aqueous 

phase, containing RNA, was separated by centrifuging the samples at 12,600 rpm for 15 min 

at 2-8°C. RNA was precipitated from the aqueous phase by mixing with isopropyl alcohol. 
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After centrifugation, the pellet was washed with 75% ethanol. After drying, the pellet was 

dissolved in RNAase-free water. Total RNA was purified using DNAse1 (Invitrogen) 

followed by RNA “clean up” using Qiagen columns (Qiagen, Hideer, Germany). RNA 

concentration was determined spectrophotometrically at 260nm. Stock RNA at a 

concentration of 5 ng/ml was made from control and experimental samples. Serial dilutions 

of RNA were prepared with RNAse-free water. Primer sets were used as described 

previously(36).

Real-time RT-PCR

Real-time RT-PCR was performed for quantification of mRNA expression using the 

Quantitect™ SYBR Green PCR Kit (Qiagen) with the Icycler IQ™ real-time detection 

system (Bio-Rad Laboratories, Hercules, CA, USA). Total RNA, 2.5μl from a working stock 

of 5ng/ml of control and experimental samples, was used and amplified as described 

earlier(36). β-actin was used as an internal standard for each sample to ensure that equal 

amounts of total RNA were employed for control and experimental samples. Amplification 

plots (changes in fluorescent signals versus cycle number) were obtained for each target 

gene as well as for β actin. Ct value (threshold cycle, marking the cycle when the 

fluorescence of a given sample significantly exceeded the baseline signal) was used to 

calculate the fold-upregulation by subtracting the Ct value for β-actin from the Ct value for 

the target gene, and comparing the experimental (E) result with the control (C) result using 

the following equation. Fold upregulation = 2-ΔΔCt, where ΔΔCt = ΔE - ΔC, where ΔE = 

CtE target - CtE β-actin, and ΔC = CtC target - CtC β-actin.

RESULTS

Levels of GSH were measured in cultured human LECs immediately following various 

challenges (Fig. 1). The concentration of the tripeptide in normal control cells was 11 μmol 

per 500,000 cells. Exposure of the cells to UVA light for 1 h (see the legend of Fig. 1 for the 

exposure conditions) at either 3% or 20% O2 decreased the GSH level by about 22% 

(p<0.001 for 3% O2 and p<0.01 for 20% O2), with no significant difference observed for 

values obtained at the two levels of O2. Treatment of the cells with either BSO overnight or 

CDNB for 10 min produced a 65% and 58% decrease, respectively, in the concentration of 

GSH (p<0.001), and a subsequent exposure of GSH-depleted cells to UVA light for 1 h at 

20% O2 did not produce a further drop in tripeptide level (Fig. 1).

Exposure of the LECs to UVA light alone at 20% O2 for 1 h had no significant effect on the 

activities of G3PDH and GR immediately after treatment (Fig. 2). The light produced an 8% 

loss in activity of GSHPx, but without statistical significance, and a 10% decrease in activity 

of TrxR (p<0.05). In contrast, the UVA radiation caused a nearly 90% loss in activity of 

CAT (p<0.001). The appearance of the UVA-treated cells was normal immediately 

following the 1 hr exposure (Fig. 3).

Treatment of the cells with CDNB alone produced an approximate 25% loss in activity of 

both GSHPx and TrxR (p<0.05) six hours after exposure, with less effect on the activity of 

GR (13% inhibition) (Table 1). In contrast, exposure of the cells to BSO alone caused only a 

6 to 9 percent loss in activity of the three antioxidant enzymes, each of which was not 
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significant. Activities of the enzymes were also measured in cells that had been treated first 

with CDNB or BSO, and then exposed to UVA light for 1 h at either 3% or 20% O2. For 

CDNB + UVA at 3% O2, GSHPx and TrxR activities dropped by 44% (p<0.01 to CDNB 

alone) and 63% (p<0.001 to CDNB alone), respectively, after 6 h, with less effect on GR 

(20% inhibition) (Table 1). Exposing CDNB-pretreated cells with UVA light at 20% O2 

instead of 3% resulted in a greater inactivation of both GSHPx and TrxR to 58% (p<0.05) 

and 69% (p<0.05), respectively. Cells that were pretreated with BSO and then exposed to 

UVA light at either 3% or 20% O2 showed losses in activity of GSHPx, TrxR and GR that 

were not significantly different from activities observed after treatment with BSO alone 

(Table 1).

Experiments were also conducted to determine whether loss of TrxR and GSHPx activity in 

human LECs induced by exposure to CDNB alone and CDNB + UVA light at 3% O2 could 

be recovered by culturing the cells normally for 1 and 3 days. After 3 days of culture, cells 

that had been treated with CDNB alone had a 15-16% loss in activity of both enzymes, 

compared to a 24-27% loss in activity observed after 6 h and 1 day of normal culture (Table 

2). TrxR activity in cells treated with CDNB + UVA light at 3% O2 recovered significantly 

after 1 day of normal culture, moving from 63% loss of activity at 6 h to 34% loss of activity 

at 1 day (Table 2, p<0.001); there was no additional improvement in recovery after 3 days of 

normal culture, compared to that at 1 day. In contrast to the results for TrxR, 1 and 3 days of 

normal culture had no significant effect on restoring GSHPx activity following exposure to 

CDNB + UVA light at 3% O2 - activities remained 38-41% depleted, only slightly less than 

the 44% observed after 6 h of culture (Table 2).

It was also of interest to determine the effects of various challenges on the number of 

cultured LECs following 24 h of normal culture (Fig. 4). Exposure of the cells to UVA light 

(1 h), BSO (overnight) or CDNB (10 min) alone produced 2%, 4% and 17% losses in cell 

number, respectively, after the cells had been cultured normally for 24 h. When cells were 

first treated with BSO and then exposed to UVA light at either 3% or 20% O2, the number 

of cells present after 24 h of normal culture was nearly the same as that for treatment with 

BSO alone (Fig. 4). In contrast, for cells treated with CDNB and then exposed to UVA light 

at either 3% or 20% O2, the number of cells after 24 h of normal culture was 35-40% lower 

than control (p<0.01 and p<0.001, respectively) and significantly lower than treatment with 

either CDNB alone or BSO + UVA light, followed by 24 h normal culture. There was 

slightly more cell loss (7%) for CDNB-treated cells exposed to UVA light at 20% O2 

compared to 3% O2 (Fig. 4).

Cells pretreated with CDNB for 10 min and then cultured normally for 24 h appeared 

normal (Fig. 5B). However, CDNB-treated cells exposed to UVA light for 1 h at 3% O2 

showed abnormalities including numerous spaces between cells, as well as enlarged cells 

(Fig. 5C). The abnormalities increased when UVA-treatment of the CDNB-treated cells was 

conducted at 20% instead of 3% O2; there were a greater number of spaces between cells, 

numerous floating dead cells, and the appearance of thread-like structures indicative of cell 

degeneration (Fig. 5D). In contrast, cells treated with BSO alone, BSO plus UVA light at 

3% O2, or BSO plus UVA light at 20% O2 appeared normal after 24 h of normal culture 

(Fig. 6).
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Long-term effects on growth rate and morphology were determined for CDNB- and BSO-

treated cells. Cells treated with CDNB alone or CDNB plus UVA light at 3% O2 were 

grown under normal conditions and counted on days 1, 3 and 7 (Fig. 7). Cells treated with 

either CDNB alone or CDNB + UVA light grew substantially from day 1 to day 3, nearly 

doubling their cell number, although this was significantly less than the three-fold increase 

in cell number for control cells. The 7 day growth of cells treated with CDNB alone was 

38% lower compared to controls (p<0.01) (Fig. 7), and the cells exhibited a larger cell size 

with multilayering (Fig. 8B). Cells treated with CDNB plus UVA light at 3% O2 showed a 

47% lower growth rate after 7 days than those treated with CDNB alone (p=0.01) (Fig. 7) 

and exhibited highly enlarged cells with numerous thread-like structures (Fig. 8C). Growth 

studies were not conducted for cells treated with CDNB plus UVA light at 20% O2 because 

of the nearly complete death of the cells after 3 days of culture (data not shown). The growth 

rates of cells treated with BSO alone or BSO plus UVA light at 3% O2 were nearly identical 

after 3 days of culture, and approximately 10% lower than controls; no changes in 

morphology compared to controls were apparent (data not shown).

Treatment of the cells with CDNB alone for 10 min, followed by 8 h of normal culture 

produced no significant changes in the levels of mRNA for six antioxidant enzymes 

including heme oxygenase (HO-1), TrxR1 (the cytoplasmic form of TrxR), GSHPx, GR, 

copper-zinc superoxide dismutase (Cu-ZnSOD), and manganese superoxide dismutase 

(MnSOD) (Fig. 9A). Treatment with UVA light alone for 1 h at 3% O2, followed by 8 h of 

normal culture, produced a 2-fold increase in HO-1 mRNA, which increased to 4-fold when 

the UVA exposure was conducted at 20% O2 (p<0.01) (Fig 9B). A UVA-induced 3-fold 

increase in TrxR1 mRNA was observed at both 3% and 20% O2 exposure levels. In contrast, 

when the cells were first treated with CDNB for 10 min prior to the 1 h exposure to UVA 

light, and then cultured normally for 8 h, approximate 20-fold and 10-fold increases in 

mRNA levels were observed for HO-1 and TrxR1, respectively, with no significant 

difference between the 3% and 20% O2 exposures (Fig. 9C). Smaller mRNA increases were 

also seen for GR and Cu-ZnSOD, but not for MnSOD or GSHPx (Fig. 9C). Treatment of the 

cells with BSO plus UVA light, followed by 8 h of normal culture, produced no significant 

increases in mRNA levels for any of the enzymes (data not shown).

DISCUSSION

The results demonstrate that TrxR activity plays an important role in defending the lens 

epithelium against UVA light. A 69% inhibition of TrxR, coupled with a 58% loss of GSH, 

in the presence of 20% O2 and UVA light (CDNB + UVA, 20% O2; Table 1 and Fig. 1, 

respectively) produced a 40% loss of LECs (Fig. 4) and substantial cell damage (Fig. 5d). In 

contrast, when GSH level was decreased by 65%, with only an 18% drop in TrxR activity, 

and combined with 20% O2 and UVA light (BSO + UVA, 20% O2; Fig. 1 and Table 1, 

respectively), the treatment produced only a 10% cell loss (Fig. 4), with no apparent 

morphological effects (Fig. 6d). Also, a doubling in cell number was observed from one to 

three days post oxidative challenge (Fig. 7, CDNB + UVA at 3% O2), after TrxR activity, 

but not GSHPx activity, had significantly recovered at the one day mark (Table 2). Thus, it 

appeared that a near-normal level of TrxR activity could defend the cells against UVA-

induced damage, even when GSH levels and GSHPx activities were low. The many-fold 
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higher upregulation of mRNA for TrxR1, compared to that for GSHPx, after UVA or CDNB 

+ UVA challenge (Fig. 9b and 9c, respectively) also suggests a greater role for the 

thioredoxin system. Other investigators have also reported TrxR mRNA upregulation in 

lenses or LECs following exposure to hyperbaric oxygen(36), H2O2(37) and photochemical 

stress(38). UVA irradiation of human skin fibroblasts has been shown to stimulate both the 

expression and synthesis of TrxR(39, 40).

In a similar study, inhibition of TrxR in a neuronal cell line was reported to be much more 

toxic than depletion of GSH(41). We have shown previously that TrxR activity is more 

essential than GSH level for the normal growth of hyperbaric oxygen-treated LECs(36, 42). 

Results of another investigation indicated distinct and different responses of the TrxR and 

GSH systems in HeLa cells to various oxidative challenges(43). In addition to the 

glutathione system, catalase also did not appear to play a significant role in the cells’ 

defense against UVA radiation since a UVA-induced 90% loss of catalase activity (Fig. 2) 

produced no significant cell loss (Fig. 4, UVA alone) or damage (Fig. 3b).

In contrast to our results, other researchers have reported a protective role for GSH during 

exposure of cultured cells to UVA light. Tyrrell and Pidoux(44) observed 90% death of 

BSO-treated cultured human skin cells following exposure to UVA light under conditions 

similar to ours (365nm wavelength, 25 J/cm2), whereas we saw only a 10% loss (Fig. 4). 

Other than the difference of the two cell types, the only other variations between the two 

studies were that, while we cultured UVA-exposed cells in PBS + 5mM glucose at 37°C, the 

previous study employed PBS alone at 2-3°C. The non-physiological conditions employed 

in the earlier study may have made the GSH-depleted cells more susceptible to UVA-

induced damage. In previous studies in our laboratory, in contrast to our current results with 

UVA light, we found that BSO-treated LECs were much more susceptible to H2O2-induced 

damage, compared to normal cells(24).

It has been reported that CDNB-modified TrxR possesses substantially increased activity of 

NADPH oxidase, which would lead to increased production of superoxide anion and other 

ROS(19, 45). It is likely that increased NADPH oxidase activity contributed to the CDNB-

induced effects observed in this study on the number, morphology, growth and mRNA 

upregulation of LECs. However, in each case, the effects of CDNB plus exposure to UVA 

light were significantly greater than treatment with CDNB alone (see Figs. 4, 5, 7, 8 and 9). 

An example is Fig. 5 in which treatment with CDNB alone plus 24 hr of normal culture 

produced no observable effects on cell morphology (Fig. 5b), whereas the combination of 

CDNB with UVA light produced substantial cell damage and death (Figs. 5c and 5d). 

Similarly, exposure to CDNB alone resulted in no upregulation of HO-1 mRNA after 8 hrs 

of normal culture (Fig. 9a), whereas the combination of CDNB plus UVA light induced a 

nearly 30-fold upregulation at the same time period (Fig. 9c). The observed upregulation of 

HO-1 mRNA may have been related to the nearly complete absence of growth of CDNB/

UVA-exposed cells occurring during the first day after UVA-treatment (Fig. 7). In a 

previous study, we concluded that oxidatively-induced inhibition of synthesis of heme 

proteins (which include the enzyme catalase) in cultured lens epithelial cells results in an 

accumulation of heme, along with an increased synthesis of HO-1 to deal with the heme 

accumulation(46). Since CDNB is known to absorb 365 nm light (although at a level 50-fold 
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less than absorption of 250 nm light)(47), it cannot be ruled out that CDNB bound to protein 

may have acted as a UVA sensitizer in this study. Free CDNB in the culture medium was 

rinsed away prior to exposure of the cells to UVA light.

The results demonstrated that UVA light does indeed present a challenge for the lens 

epithelium, but the challenge is well-tolerated under normal conditions. The irradiance of 

UVA light employed in the study, 7 mW/cm2, is 7 times the maximum irradiance contained 

in sunlight striking the human lens(1). The dose of the 338-400 nm light (peak at 365 nm) 

received by the cultured LECs, 25 J/cm2, was comparable to 7 h of sunlight condensed into 

1 h(1). This dose produced an approximate 22% loss in GSH level in the LECs (Fig. 1), a 

90% loss in catalase activity (Fig. 2) and a 3 to 4-fold upregulation of HO-1 and TrxR1 

mRNA (Fig. 9b), but without observable damage to the cells (Fig. 3) or decrease in cell 

number (Fig. 4). The loss of GSH was presumably caused by generation of ROS in the 

LECs occurring when reduced pyridine nucleotides absorb UVA light(6-8, 48). 

Photobleaching of NADPH and NADH in LECs and lenses by UVA light has been 

demonstrated previously(49, 50). Absorption by tightly bound NADPH and heme is 

believed to be the cause of UVA-induced inactivation of catalase(51, 52). UVA-induced 

DNA damage in cultured keratinocytes has been shown to be linked with generation of 

H2O2, superoxide anion and hydroxyl radical(53, 54). UVA light is known to be a potent 

inducer of HO-1 gene expression in skin(55).

Inhibition of TrxR with CDNB alone caused major effects on 7 day cell growth and 

morphology (Figs. 7 and 8b, respectively), which were enhanced when the treatment was 

combined with exposure to UVA light (Figs. 7 and 8c). Important roles for the Trx system 

are known to include activation of transcription factors that regulate cell growth, as well as 

supplying reducing equivalents for ribonucleotide reductase to produce 

deoxyribonucleotides for the synthesis of DNA(17, 56). In a previous study, human LECs 

treated with hyperbaric oxygen were found to require a complete recovery of TrxR activity 

in order to return to normal growth(36). CDNB-treated cells in the present study did not 

return to a normal rate of growth after 7 days of normal culture (Fig. 7), possibly due to an 

incomplete recovery of TrxR activity (Table 2). CDNB-induced inhibition of TrxR has been 

reported to be irreversible(45); however, we observed significant recovery of TrxR activity 

at 1 day after CDNB/UVA challenge (Table 2), due possibly to synthesis of new enzyme. 

The greater effect of CDNB plus UVA light on cell growth was most likely the result of the 

combination of challenges producing a more than 2-fold greater loss of TrxR activity 

compared to CDNB alone (Table 1). UVA light damages DNA indirectly through absorption 

by chromophores such as NADPH to generate potentially toxic ROS(3, 57). Without 

sufficient TrxR activity in the CDNB/UVA-treated cells to produce deoxyribonucleotides 

for synthesis of DNA, its repair would have been slowed.

Results for use of either 3% or 20% O2 during UVA light exposure were about the same for 

UVA (alone)-induced loss of GSH (Fig. 1) and (BSO + UVA)-induced decrease in cell 

number and change in morphology (Figs. 4 and 6, respectively). The different O2 levels also 

did not produce any dramatic changes in UVA-induced antioxidant enzyme mRNA 

expression (Fig. 9). It might be expected that UVA-induced generation of ROS from 

absorption of the light by NADPH would be greater at 20% O2, and cause a more substantial 
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effect. UVA inactivation of mammalian cells has been reported to be strongly oxygen-

dependent(58). However, since the human LEC line used in this study is maintained at 20% 

O2, it would presumably have increased antioxidant levels compared to human LECs in situ 

that are exposed to <1% O2 (31). In contrast, effects on the morphology of CDNB-treated 

cells exposed to UVA light were much more severe at 20% O2 compared to 3% (Fig. 5). 

This may have been due in part to an increased generation of superoxide anion at the higher 

O2 level from induced NADPH oxidase activity in the CDNB-modified TrxR(45).

Exposure of LECs to 25 J/cm2 of UVA light alone produced either no effect or minimal 

effects on the activities of G3PDH, GR, GSHPx and TrxR, but caused a 90% inhibition of 

catalase (Fig. 2). Similar results have been found in studies on skin which have concluded 

that the skin component most susceptible to UVA light (but not susceptible to UVB light) is 

catalase(59-61). UVA-induced inactivation of catalase has previously been reported for 

cultured LECs and lenses in vivo (12, 62). In contrast to our results, exposure of intact 

human lenses to UVA radiation produced a 70% loss of GR activity, presumably due to 

absorption of the light by bound FAD(63); however, the UVA dose used in the previous 

study, 925 J/cm2, was 36x higher than ours, and the incubation was conducted at 17 °C, 

compared to 37°C employed in the present work.

In summary, the results demonstrate that TrxR activity plays an important role in defending 

the lens epithelium against UVA light, possibly more so than GSH level or GSHPx activity. 

This may be related to the ability of the Trx system to assist in producing 

deoxyribonucleotides for DNA synthesis following UVA-induced cell damage. Although 

catalase in LECs is highly sensitive to UVA-induced inactivation, it does not appear to be 

essential for protection against UVA radiation. UVA light presents a challenge for the lens 

epithelium, but appears to be well-tolerated under normal conditions. Since UVA-induced 

effects on LECs can be exacerbated at higher levels of O2, this should be considered when 

conducting studies above the physiological O2 level for lens epithelium.
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Fig. 1. 
Effect of various treatments on the concentration of GSH in cultured human lens epithelial 

cells. Cells were exposed to either UVA light alone (7 mW/cm2, 365 nm peak wavelength, 1 

h, 3% or 20% O2, 37°C, PBS + 5mM glucose), BSO alone (0.5 mM, overnight), CDNB 

alone (0.02 mM, 10 min), BSO (overnight) + UVA (1 h, 20% O2) or CDNB (10 min) + 

UVA (1 h, 20% O2). GSH levels were measured immediately after each treatment. Control 

cells were cultured normally. Each result is expressed as the mean +/− SD. The number of 

experiments is in parentheses. α: p<0.001 to control; β: p<0.01 to control; γ: p<0.001 to 

UVA alone.
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Fig. 2. 
Effect of UVA light on the activities of various enzymes in cultured human lens epithelial 

cells. Cells were exposed to UVA light (20% O2; see Fig. 1 for details) for 1 hr, and enzyme 

activity was determined immediately. Control cells were cultured normally. Each result is 

expressed as the mean +/− SD. The number of experiments is in parentheses. α: p<0.05 to 

control; β: p<0.001 to control.
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Fig. 3. 
Photomicrographs of cultured human lens epithelial cells. Cells (5×105) were either (a) 

cultured normally for one hour or (b) exposed to UVA light (20% O2; see Fig. 1 for details) 

for one hour. Note the lack of change in the appearance of the UVA-treated cells 

immediately following the 1 h exposure. Each photograph is representative of five 

experiments.
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Fig. 4. 
Effect of various treatments, plus 24 hr of normal culture, on the number of cultured human 

lens epithelial cells. Conditions are as described in Fig. 1. Control cells were cultured 

normally, and the average number of control cells at the end of each experiment was 

915,375 +/− 245,000 . Each result is expressed as the mean +/− SD. The number of 

experiments is in parentheses. α: p<0.01 to control; β: p<0.05 to CDNB alone; γ: p<0.05 to 

BSO + UVA (3% O2); δ: p<0.001 to control; ε: p<0.01 to CDNB alone; ζ: p<0.001 to BSO 

+ UVA (20% O2).
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Fig. 5. 
Effect of CDNB (0.02 mM) plus UVA light, followed by 24 hr of normal culture, on the 

morphology of cultured human lens epithelial cells. Cells were exposed to either CDNB 

alone (10 min) or CDNB (10 min) + UVA light (1 h) at either 3% or 20% O2, cultured 

normally for 24 hr, and photographed. Conditions for UVA light exposure are shown in Fig. 

1. (a) Control cells cultured normally; (b) CDNB alone (10 min) + 24 hr normal culture; (c) 

CDNB (10min) + UVA light (1 hr, 3% O2) + 24 h normal culture; (d) CDNB (10 min) + 

UVA light (1 hr, 20% O2) + 24 h normal culture. Note the lack of change in appearance of 

cells treated with CDNB alone, 24 h later (b). However, cells treated with CDNB + UVA 

light at 3% O2 (c) showed a change in morphology after 24 h, compared to control cells (a), 

including enlarged cells (arrows) and spaces (arrowheads) that are indicative of cell death. 

Cells treated with CDNB + UVA light at 20% O2 (d) showed threadlike structures 

(arrowheads), dead cells (arrows) and an increased number of spaces, compared to cells 

treated with CDNB + UVA light at 3% O2 (c). Each photograph is representative of 6-9 

experiments.
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Fig. 6. 
Effect of BSO plus UVA light followed by 24 h of normal culture, on the morphology of 

cultured human lens epithelial cells. Cells were exposed to either BSO alone (overnight) or 

BSO (overnight) + UVA light (1 h) at either 3% or 20% O2, cultured normally for 24 h, and 

photographed. Conditions for UVA light exposure are shown in Fig. 1. (a) Control cells 

cultured normally; (b) BSO alone (overnight) + 24 h normal culture; (c) BSO + UVA light 

(1 hr, 3% O2) + 24 h normal culture; (d) BSO + UVA light (1 hr, 20% O2) + 24 h normal 

culture. Note the lack of change in appearance after 24 h of culture for cells treated with 

BSO alone (b), BSO + UVA light at 3% O2 (c), and BSO + UVA light at 20% O2 (d). Each 

photograph is representative of 4-6 experiments.

Padgaonkar et al. Page 20

Photochem Photobiol. Author manuscript; available in PMC 2016 March 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 7. 
Effect of CDNB (0.02 mM) plus UVA light on the growth of cultured human lens epithelial 

cells. Cells were exposed to either CDNB alone (10 min) or CDNB (10 min) + UVA light (1 

h, 3% O2), cultured normally for 7 days, and counted on days 1, 3 and 7 with a Coulter 

counter. The data for day 1 are the same as those shown in Fig. 4. Conditions of the UVA 

light exposure are shown in Fig. 1. Control cells cultured normally (open circles); CDNB 

alone (10 min) (closed triangles); CDNB (10 min) + UVA light (open triangles) Each result 

is expressed as the mean +/− SD. The number of experiments is in parentheses. α: p<0.01 to 

control; β: p<0.001 to control; γ: p<0.001 to CDNB alone; δ: p=0.01 to CDNB alone.
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Fig. 8. 
Effect of CDNB (0.02 mM) plus UVA light, followed by 7 days of normal culture, on the 

morphology of cultured human lens epithelial cells. Cells were exposed to either CDNB 

alone (10 min) or CDNB (10 min) + UVA light (1 h, 3% O2), cultured normally for 7 days, 

and photographed. Conditions for UVA light exposure are shown in Fig. 1. (a) Control cells 

cultured normally for 7 days; (b) CDNB alone (10 min) + 7 days normal culture; (c) CDNB 

+ UVA light (1 hr, 3% O2) + 7 days normal culture. Note the multilayering of cells (arrows) 

in (b) and the enlarged cells (arrows) and threadlike structures (arrowheads) in (c). Each 

photograph is representative of four experiments.
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Fig. 9. 
Quantification of antioxidant enzyme mRNA expression in challenged human lens epithelial 

cells using real-time PCR. Conditions for UVA light exposure are shown in Fig. 1. Fold-

upregulation was calculated as the fold difference in the amount of mRNA for control and 

experimental samples, both normalized to β-actin (see Methods). (a) CDNB (10 min) alone 

plus 8 h normal culture. (b) UVA light alone (1 h) at 3% and 20% O2 plus 8 h normal 

culture. (c) CDNB (10 min) + UVA light (1 h, 3% and 20% O2) plus 8 h normal culture. 

Each result is expressed as the mean +/− S.D. for 2-3 experiments (average of triplicate 

samples for each). α: p<0.01 to 3% O2; β: p<0.05 to 3% O2.
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Table 1

Effect of various challenges plus 6 h of normal culture on the activities of three antioxidant enzymes in human 

lens epithelial cells.

Percent decrease in activity compared to control

Enzyme
CDNB ALONE BSO ALONE

CDNB + UVA,
3% O2

CDNB + UVA,
20% O2

BSO + UVA,
3% O2

BSO + UVA,
20% O2

GSHPx 24 ± 13
a

(16)
9 ± 10
(11)

44 ± 13
b,d

(8)
58 ± 10

c,f,g

(8)
19 ± 26

(9)
12 ± 14

(4)

TrxR 25 ± 13
(15)

9 ± 14
(7)

63 ± 7
c,e

(7)
69 ± 3

c,f,g

(8)
14 ± 20

(8)
18 ± 16

(3)

GR 13 ± 12
a

(8)
6 ± 15

(7)
20 ± 5

(4)
23 ± 7

(4)
10 ± 10

(7)
not

determined

The cells were pretreated with BSO (overnight) or CDNB (10 min), exposed to UVA light for 1h at either 3% or 20% O2 and cultured normally for 

6h. Each result is expressed as the mean ± S.D. The number of experiments is in parentheses. Control activities; GSHPx: 0.011±0.004 units/mg 
protein (20); TrxR: 5.1 ± 2.9 ΔO.D. at 412nm/mg protein (14); GR: 0.058±0.006 units/mg protein (12).

a
p<0.05 to control;

b
p<0.01 to CDNB alone;

c
p<0.001 to CDNB alone;

d
p<0.05 to BSO + UVA (3% O2);

e
p<0.001 to BSO + UVA (3% O2);

f
p<0.001 to BSO + UVA (20% O2),

g
p<0.05 to CDNB + UVA (3% O2).
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Table 2

Effect on human lens epithelial cell enzyme activity: CDNB plus UVA (3% O2) plus 6 hours, 1 day and 3 

days of normal culture.

Percent decrease in activity compared to control

6 hours 1 day 3 day

Enzyme CDNB
ALONE

CDNB
+UVA

CDNB
ALONE

CDNB
+UVA

CDNB
ALONE

CDNB
+UVA

TrxR 25 ± 13
(15)

63 ± 7
b

(7)
26 ± 11

d

(6)
34 ± 14

e

(7) 16 + 7
d,f,g

 (13) 30 ± 8
e

(11)

GSHPx 24 ± 13
a

(16)
44 ± 13

c

(8)
27 ± 24

a

(7)
38 ± 13

(8)
15 ± 16

(6)
41 ± 11

(8)

The cells were pretreated with CDNB (10min), exposed to UVA light for 1h at 3% O2 and cultured normally for 6 h, 1 day and 3 days. Control 

activities; TrxR: 5.4±0.6 ΔO.D. at 412nm/mg protein (6); GSHPx: 0.013±0.003 units/mg protein (10). Each result is expressed as the mean ± S.D. 
The number of experiments is in parentheses. The 6 h data are repeated from Table 1.

a
p<0.05 to control;

b
p<0.001 to CDNB alone (6 h);

c
p<0.01 to CDNB alone (6 h);

d
p<0.01 to control;

e
p<0.001 to CDNB + UVA (6 h);

f
p<0.05 to CDNB alone (6 h);

g
p<0.05 to CDNB alone (1 day).
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