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Purpose: Sulforaphane is a phytochemically derived organic isothiocyanate 1-isothiocyanato-

4-methylsulfinyl-butane present naturally in crucifers, including broccoli and cauliflower. 

Biochemically, it has been reported to induce the transcription of several antioxidant enzymes. 

Since such enzymes have been implicated in preventing cataract formation triggered by the 

intraocular generation of oxy-radical species, the purpose of this investigation was to examine 

whether it could induce the formation of antioxidant enzymes in the eye lens. Thioredoxin 

reductase (TrxR) was used as the target of such induction.

Methods: Mice lenses were cultured for an overnight period of 17 hours in medium 199 fortified 

with 10% fetal calf serum. Incubation was conducted in the absence and presence of sulforaphane 

(5 µM). Subsequently, the lenses were homogenized in phosphate-buffered saline (PBS), 

followed by centrifugation. TrxR activity was determined in the supernatant by measuring 

the nicotinamide adenine dinucleotide phosphate (reduced) (NADPH)-dependent reduction 

of 5,5′-dithiobis-2-nitrobenzoic acid (DTNB). Non-specific reduction of DTNB was corrected 

for by conducting parallel determinations in the presence of aurothiomalate. The reduction of 

DTNB was followed spectrophotometrically at 410 nm.

Results: The activity of TrxR in the lenses incubated with sulforaphane was found to be 

elevated to 18 times of that observed in lenses incubated without sulforaphane. It was also 

noticeably higher in the lenses incubated without sulforaphane than in the un-incubated fresh 

lenses. However, this increase was much lower than that observed for lenses incubated with 

sulforaphane.

Conclusion: Sulforaphane has been found to enhance TrxR activity in the mouse lens in culture. 

In view of the protective effect of the antioxidant enzymes and certain nutrients against cataract 

formation, the findings suggest that it would, by virtue of its ability to enhance the activity of such 

enzymes, prevent the tissue against oxidative stress that leads to cataract formation. Additional 

studies with the activities of other antioxidant enzymes such as quinone oxidoreductase and 

the levels of Nrf2 are in progress.

Keywords: oxidative stress, cataract, thioredoxin reductase, NADPH

Introduction
Cataract is one of the leading causes of blindness and visual impairment. Globally, 

it accounts for over 60% of the total number of individuals suffering from visual 

impairment.1,2 Its very high prevalence in the tropical and subtropical countries, as well 

as in the temperate regions with excessive sunlight, strongly suggests that intraocular 

photochemical generation of superoxide and its derivatization to other reactive oxygen 

species (ROS), particularly in the aqueous humor and the lens,3–6 constitutes a significant 

risk factor in its etiology. Such ROS generation is considered incessant, at least dur-
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ing prolonged periods of photopic vision, light, and oxygen 

acting synergistically in continuing the generation of these 

entities by cyclic pseudo catalytic reactions propagated in the 

presence of endogenously available photosensitizers.5 Preven-

tion of the consequent oxidative stress by the application 

of antioxidants that could effectively scavenge the ROS is, 

hence, considered a viable means of medically offsetting the 

onset and progression of this vision-impairing disease.7 Evi-

dence of this hypothesis was initially obtained through in vitro 

culture experiments referred to above,3–6 as well as through 

many subsequent in vivo studies where oxidative stress to the 

lens and consequent cataract formation was induced by the 

administration of sodium selenite, the induction of diabetes, 

and feeding animals a high-galactose diet. The administra-

tion of various nutritional and metabolic antioxidants, such 

as bioflavonoids,8,9 vitamin E,10,11 caffeine,2–16 and pyruvate,17 

has been shown to prevent cataract formation in most of these 

experimental animal models. The hypothesis has also been 

supported by field studies showing that a lower incidence 

of cataracts correlated with a higher intake of vitamins C 

and E.18–20 While these antioxidants can protect the lens and 

other tissues against oxidative stress by scavenging ROS and 

consequently minimizing the impact of toxic reactions, such 

as the oxidative inactivation of many _SH enzymes, loss of 

glutathione and ascorbate, lipid peroxidation and protein 

cross-linking, etc, the protective effect of such compounds 

is likely to be short-lived, especially in the eye, where ROS 

generation is much more overwhelming than in other parts 

of the body, except portions of skin that are more exposed 

to light. This limitation in the effectiveness of nutritional 

antioxidants is also due to their interrupted availability with 

meals, as well as the variability in the composition of the diet 

itself and the unstable nature of the antioxidants.

We have recently demonstrated that oxidative stress in 

the lens up-regulates the generation of several toxic microR-

NAs21,22 that widely knock out the translation and transcription 

of antioxidant genes, as well as transcription factors such as 

Nrf2.23 Therefore, we anticipate that a more stable and consis-

tent anticataractogenic effect can be achieved by the topical 

administration of compounds that can antagonize such genetic 

effects, as shown with caffeine.15,16 This is also likely to be 

achieved by the administration of antisense microRNAs that 

can overcome the transcriptional and translational limitations 

imposed by the aberrant production of certain microRNAs. 

 However, success with using such antisense microRNAs could 

be limited because of their non-specificity and the wider range 

of their hybridization with sense miRs. Fortuitously, many 

recent studies have demonstrated that certain phytochemical 

ingredients that are available nutritionally, such as sulforaphane 

1-isothiocyanato-4-methylsulfinylbutane, which is present in 

many crucifers, including broccoli,24 and curcumin,25 present in 

turmeric, can up-regulate the transcription of various antioxi-

dant enzymes. However, the mechanism of its action remains 

only partially understood, though it is purportedly brought 

about by its ability to up-regulate Nrf2 biogenesis in the cyto-

plasm, followed by its transport to the nucleus. This increases 

the probability of its binding to the promoters present in the 

ARE region of antioxidant genes, enhancing the transcription 

of several possible antioxidant genes with the consequence 

of favorable physiologic effects. However, the level of such 

an enhancement, and its physiologic consequences, is likely 

to vary among different tissues because of varied cross-talk 

among various transcriptional pathways.26,27 Therefore, the 

primary objective of this investigation was to examine whether 

sulforaphane would indeed exert its transcriptional effect by 

inducing antioxidant enzymes in the lens. Presently, this was 

done using the lens organ culture system with mouse lenses 

by current techniques.13 Thioredoxin reductase (TrxR) was 

selected as the target enzyme. The results are in accordance with 

the hypothesis. The activity of this enzyme was substantially 

elevated in the lenses cultured with sulforaphane in compari-

son with the lenses cultured without sulforaphane, suggesting 

the possibility of its use against cataracts. The results are also 

consistent with the findings that oxidative stress leads to the 

induction of micro RNAs that inhibit Nrf2 transcription.

Materials
Experiments were conducted using lenses of C56Bl/6 mice, 

obtained from Harlan Farm Laboratories and used in 

accordance with Association for Research in Vision and 

Ophthalmology (ARVO) regulations and approved by the 

Institutional Animal Care and Use Committee. The weight 

of the animals was 23 to 25 g. They were fed standard 

rodent chow and maintained in a 12-hour dark and light 

cycle. Most of the chemicals were obtained from the 

Sigma-Aldrich (St Louis, MO, USA). Aurothiomalate, 

nicotinamide adenine dinucleotide phosphate (reduced) 

(NADPH), and 5,5′-dithiobis-2-nitrobenzoic acid (DTNB) 

were obtained as a kit from the Cayman Chemical Company 

(Ann Arbor, MI, USA). l-Sulforaphane was obtained from 

Sigma-Aldrich.

Methods
The TrxR activity of the lenses was determined by using the 

following biochemical reaction while spectrophotometri-

cally monitoring the reduction of DTNB to TNB, with the 
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2-nitro-5-thiobenzoate derivative ionizing to TNB2–, with a 

molar absorption coefficient of 13,600:28

 TrxR + DTNB + NADP + H+ → 2TNB + NADP

Lenses were obtained from the eyes of mice sacrificed 

by euthanasia with CO
2
 inhalation. Soon after, the eyes 

were enucleated and the lenses dissected out by the pos-

terior approach, rinsed briefly with phosphate-buffered 

saline (PBS), warmed to 37°C, and then transferred to the 

incubation medium in an incubator maintained at 37°C and 

gassed with 5% CO
2
. The incubation period was 17 hours. 

The weight of the lenses was 6.5 ± 0.5 mg. The incubation 

medium in the control group consisted of TC-199 contain-

ing Earle’s salts and glutamine, without phenol red and 

modified to contain 10% fetal bovine serum, 1,000 units 

of penicillin, and 100 µg of streptomycin per 100 mL. In 

the experimental group, the medium contained, in addition, 

5 µM l-sulforaphane, achieved by adding aliquots from a 

stock solution made in dimethyl sulfoxide (DMSO). An 

equivalent volume of DMSO without sulforaphane was 

added to the controls. The lenses were incubated in groups 

of six, one lens per mL.

Subsequent to incubation, the individual lenses were 

briefly rinsed with 100 µL of PBS warmed to 37°C, blotted 

gently just enough to remove the adhering liquid, and trans-

ferred promptly to microfuge tubes to be frozen at −20°C. In 

addition to helping in the prevention of the loss of enzyme 

activities, freezing helped in the visual localization of the 

mouse lenses in the microfuge tube for its homogenization. 

An aqueous extract of the lens was then prepared by its 

homogenization in 0.5 mL of PBS followed by centrifuga-

tion at 18,000 relative centrifugal force (RCF) for 12 min-

utes at 0°C. The protein concentration of the supernatant 

was determined using the Bradford reagent29 obtained from 

Bio-Rad (Hercules, CA, USA; catalog #500-000). The basal 

level of TrxR activity was determined in the freshly isolated 

un-incubated lenses.

The TrxR activity was determined by adding 10 uL of 

the lens extract to 190 µL of the assay reagent containing 

25 uM NADPH and 500  µM DTNB and following its reduc-

tion for 160 seconds, as shown in Figure 1. The amount of 

TNB so generated was calculated from ∆OD values, using 

13,600 as its molar extinction coefficient. The final value was 

multiplied by two in view of the production of two moles of 

TNB generated in the reaction per unit of activity. The reac-

tion was carried out in two cuvettes simultaneously, in the 

absence and presence of 20 uM sodium aurothiomalate, found 

adequate to nearly completely inhibit DTNB reduction. The 

assay reagent was prepared in buffer consisting of 50 mM 

potassium phosphate, 50 mM KCl, 1 mM ethylenediaminetet-

raacetic acid (EDTA), and 0.2 mg/mL bovine serum albumin, 

adjusted to pH 7. The amount of lens protein added to start 

the reaction was 25 mg.

Results
Figure 1 is representative of the spectrophotometric tracing 

of the course of the DTNB reduction (∆OD) caused by TrxR 

activity. As may be noted by the slope of the upper tracing, 

the rate of DTNB reduction was fairly linear and significantly 

more prominent and higher with extracts of lenses incubated 

with sulforaphane. That this reduction is attributable to TrxR 

was proven by its striking inhibition by aurothiomalate, the 

slope of reaction being demonstrably much lower in this case. 

Besides the slope, the substantial difference in the reaction 

rates between the sample run without (the upper tracing) 

and with the inhibitor (the lower tracing), which determines 

the actual enzyme activity, proves the authenticity of the 

significant elevation of the enzyme in the sulforaphane-

treated tissue.

0.42936

0.30415
0.0000 120.00

[Abs]

[Sec]

Figure 1 effect of sulforaphane on thioredoxin reductase activity of lenses incubated with sulforaphane. representative computer printout depicting 5,5′-dithiobis-2-
nitrobenzoic acid (DTnB) reduction by the lens extract in the absence () and presence () of aurothiomalate, as described in the text. The lenses had been incubated 
with 5 µM sulforaphane for 17 hours. a substantially higher rate of reduction in the absence of aurothiomalate with a substantial inhibition in its presence proves elevation of 
thioredoxin reductase activity caused by sulforaphane, with reference to the data with activity in lenses incubated without sulforaphane as described in Figure 2. The actual 
activities as summarized in Table 2 were calculated by the difference in the two rates, multiplied by two as per stoichiometry of the reaction.
Abbreviations: abs, absorption; sec, seconds.
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In contrast, as shown in Figure 2, the rate of DTNB 

reduction was demonstrably lower in experiments done 

with lenses incubated without sulforaphane. In particular, 

the difference in the rates of reaction obtained with samples 

run without and with the inhibitor is much lower. The slopes 

of the two reactions are also closer to one another, contrary 

to that observed with sulforaphane-treated lenses, shown in 

Figure 1. The inductive effect of sulforaphane in triggering 

the induction of TrxR is convincingly demonstrated.

This was also apparent by reference to the DTNB reduc-

tion rates obtained with un-incubated lenses, through the 

processes described above, showing lower enzyme activity 

than that observed with the lenses incubated even without 

sulforaphane. This suggests some induction just by moving 

the lens from its natural habitat to the culture medium as a 

stress response. This response is highly stimulated if sul-

foraphane is added to the medium.

Table 1 summarizes the raw data on the range of absorp-

tion changes observed in different experiments. The values 

represent the ∆OD values per 25 µg of the lens proteins 

used in each reaction, corrected for the absorption changes 

observed in the presence of the inhibitor. Conforming to the 

original tracings represented in Figures 1–3, the mean ∆OD 

value is at least 18 times higher in the case of lenses incu-

bated with sulforaphane than in the lenses incubated without 

sulforaphane, providing further evidence of the inductive 

activity of the compound. A comparison of the values in 

the lenses incubated in the control medium with the values 

in the un-incubated lenses points out that incubation in the 

basal medium itself is slightly stimulatory, representing the 

probability of a stress response in the tissue once transferred 

to an artificial medium. Information on the mechanism of 

this stress remains unknown at present, especially due to the 

complexity of the medium composition.

Table 2 summarizes the data yielded when the ∆OD 

values are converted to micromoles of DTNB reduced, 

considering that each mole of DTNB reduction represents the 

formation of two moles of TNB. In conformity with the raw 

spectrophotometric data, the activities in the sulforaphane-

treated lenses again are substantially greater than in the lenses 

incubated without sulforaphane.

Discussion
It has been previously shown that many plant-derived prod-

ucts, such as bioflavonoids, ascorbate, caffeine, vitamin E, 

and curcumin protect the lens against oxidative stress and 

cataract formation in vitro as well as in animal studies.7,15,30 

Although the dietary consumption of some of these anti-

oxidants has also been found to be associated with a lower 

incidence of cataracts in humans,18–20 the medical use of these 

ingredients, therapeutically or nutritionally, for either cata-

ract prevention or delay, has been limited and not practiced 

due to several difficulties, as referred to earlier. Surgical 

removal of the cataractous lens becomes the last resort for 

restoring vision. However, surgery alone has been unable 

to eliminate or even reduce the incidence of cataracts for 

several reasons, including a lack of technical labor and the 

availability of adequate modern surgically equipped facilities 

in large parts of the world. Even when facilities are available, 

subjects continue to live with impaired vision for several 

years before surgery is recommended and undertaken as a 

precautionary measure. In addition, cataract surgery is well 

known to enhance the chances of further loss of vision due 

to increased risk of vitreous or retinal detachment. Although 

the possibility of pharmacologically delaying or preventing 

cataract formation by the use of nutritional antioxidants 

has been shown in several studies referred to above, their 

oral or topical pharmacological use is beset with significant 

limitations. Once administered, orally or even topically, their 

concentration in the body begins to decline soon after due to 

their rapid metabolic disposal, as well as their exit through 

excretory routes.

0.34920

0.26760
0.0000 120.00

[Abs]

[Sec]

Figure 2 The computer tracing representing the reduction of 5,5′-dithiobis-2-nitrobenzoic acid (DTnB) by the lenses incubated without sulforaphane (controls), determined 
in the absence () and the presence () of aurothiomalate. relative to rates depicted in Figure 1, the difference in two activities is much less, indicating lower thioredoxin 
reductase levels in the lenses incubated without sulforaphane.
Abbreviations: abs, absorption; sec, seconds.
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The possibility of preventing oxidative stress to the 

lens by the therapeutic application of compounds that can 

inhibit cataract formation by modulating the phenomenon at 

the genetic level by offsetting the transcription of aberrant 

microRNAs under oxidative stress and consequent loss in the 

genesis of transcription factors and antioxidant enzymes has 

been little explored so far. However, the usefulness of such 

an approach is now suggested by reports in the treatment of 

certain cancers or genetic diseases31 using antisense micro-

RNAs. That such an approach could be useful in cataract pre-

vention is now also strongly indicated by our recent findings 

demonstrating an up-regulation in the transcription of several 

species of toxic microRNAs in the lenses of mice given a 

high-galactose diet – an animal model of sugar-induced 

oxidative stress and cataract formation and its inhibition by 

the oral administration of certain antioxidants, such as pyru-

vate and caffeine.21,22 An up-regulation in the transcription 

of several microRNAs can induce adverse effects on tissue 

physiology by several mechanisms, including the inhibition 

of the antioxidant gene transcription and consequent down-

regulation of messenger RNAs (mRNAs) with a consequent 

decrease in the translation of protective proteins, including 

the antioxidant enzymes. We have previously reported an 

up-regulation of at least 25 microRNAs in the galactosemic 

lenses, known to induce apoptosis and oxidative stress.

The protective effect of caffeine against cataract forma-

tion has been shown to be due to its direct antioxidant effects, 

with simultaneous down-regulation of the production to toxic 

microRNAs that inhibit the production of antioxidant enzymes 

by directly hybridizing with the corresponding mRNA 

sequences in their 3′ un-translated regions (3′UTR),32–34  

rendering them transnationally inactive. The decrease in the 

translation of certain transcription factors, such as Nrf2, has 

a limiting effect on the transcription of antioxidant genes 

directly in the nucleus.35,36 Its effectiveness in enhancing the 

transcription of antioxidant enzymes is ascribed to its abil-

ity to bind with the promoters in the AREs of antioxidant 

genes that triggers the transcriptional process. The physio-

pathological significance of such a down-regulation of Nrf2 

is strongly suggested by studies showing substantial enhance-

ment in the susceptibility of Nrf2 knockout (Nrf2–/–) mice to 

oxidative stress and increased susceptibility to diseases.31,37 

Under normal conditions, this protein, transcribed from its 

mRNA in the cytoplasm, remains essentially locked therein, 

bound to actin-anchored Keep-1.38,39 Although its origin can 

be down-regulated under oxidative stress due to enhance-

ment in microRNA transcription, the oxidation of –SHs in 

the Keep-1 protein under oxidative stress frees Nrf2 from 

Keep-1, enabling it to penetrate into the nucleus and trig-

ger the antioxidant gene transcription by binding with the 

promoters in the AREs. The strategy of pharmacologically 

maintaining its level is thus considered useful for protecting 

the tissues against oxidative stress and consequent onset of 

the pathogenetic course.

Sulforaphane, by mechanisms not very well understood, 

has been shown to up-regulate Nrf2 transcription,40–42 and 

consequently exert an antioxidant effect in certain cancer-

ous as well as non-cancerous tissues. Therefore, the primary 

objective of this investigation was to examine whether it 

can penetrate the lens and enhance the transcription of the 

Table 1 absorption changes associated with the reduction of 
DTnB by thioredoxin reductase activity monitored at 410 nm

Control With  
sulforaphane

Sulforaphane/ 
control

incubated group 0.0063 ± 0024 0.114 ± 0.043 18.09
Un-incubated  
group

0.0020 ± 0.0014

Notes: The numbers indicate the rates of DTnB reduction in terms of actual 
OD410 changes per minute. The results represent means ± se of six lenses in each 
incubation group, three lenses in the un-incubated group. The reaction was carried 
out in a total volume of 200 µl containing 25 µg of the lens proteins, 25 uM naDPh, 
and 500 µM DTnB. The results were corrected for the reduction rate obtained in 
the presence of 25 uM aurothiomalate. The reaction was followed for 160 seconds 
as shown in Figures 1–3. The absorption difference between the sulforaphane and 
the control group was statistically significant, with a P-value=0.00168.
Abbreviations: DTnB, 5,5′-dithiobis-2-nitrobenzoic acid; naDPh, nicotinamide 
adenine dinucleotide phosphate (reduced); se, standard error; OD, optical density.

0.37618

0.25691
0.0000 120.00

[Abs]

[Sec]

Figure 3 Thioredoxin reductase activity in basal lenses. The activity was determined as described in Figures 1 and 2. The difference in the rates observed  in the absence ()  
and the presence () of aurothiomalate was demonstrably lower than that shown in Figures 1 and 2, indicating a much lower activity.
Abbreviations: abs, absorption; sec, seconds.
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antioxidant enzymes. This investigation provides early evi-

dence of this possibility. This hypothesis has been verified 

by culturing mouse lenses with and without sulforaphane 

and then measuring the activity of TrxR, a very prominent 

member of the NADPH-disulfide oxido-reductase class of 

enzymes, including glutathione reductase. However, we first 

selected TrxR for this study in view of its activity with a wider 

spectrum of substrates, such as ubiquinone, lipoic acid and 

its amide, lipid hydro peroxide, vitamin K3, p53, hydrogen 

peroxide, dehydroascorbate, ascorbyl radicals, and peroxides, 

in addition to the protein disulfides.43–49 On the other hand, 

glutathione reductase is active only with glutathione disulfide 

(GSSG), without any effect on dehydroascorbate, peroxides, 

and other substrates referred to above. The ability of TrxR to 

reduce ascorbyl radicals and dehydroascorbate to ascorbate 

is highly interesting from the point of view of the physiology 

of the lens itself. Its concentration in the aqueous and lens is 

one of the highest in comparison with other tissues,5 main-

tained by its active transport form the plasma to the aqueous 

and then in the lens. It is also well known to be effective in 

preventing oxidative stress in tissue exposed to ROS, under 

ambient as well as photochemical environs,4 with adequate 

evidence of its effectiveness in attenuating cataract formation, 

even in humans, when consumed nutritionally.18–20 Since TrxR 

is able to catalytically reduce the ascorbyl radical as well as 

the dehydroascorbate, it is expected to be potentially helpful 

in minimizing the possible pro-oxidant effect of ascorbate, 

likely to be exerted in the presence of trace metals.

The corollary to this effect is that it also protects the lens 

against the possible cataractogenic effect of dehydroascor-

bate exerted by its ability to glycate and denature the lens 

proteins.50 Since the reducing equivalents are derived from 

NADPH, the reduction of dehydroascorbate with this enzyme 

is without any depletion of glutathione (GSH), a primary 

antioxidant reserve. The NADPH required in these reactions 

is generated in the hexose-monophosphate oxidative pathway. 

In addition, TrxR could help in the maintenance of GSH by 

the NADPH-dependent elimination of lipid peroxides and 

hydrogen peroxide, its activity being up-regulated in situa-

tions generating an excess of these antioxidants.51,52

The pathophysiological changes in the lens associated 

with cataract formation have also been suggested to involve 

slowly progressing epigenetic changes similar to that in 

many other aging tissues.53–55 Such a possibility is indicated 

by disorganization of the chromatin fibers, associated with 

the formation of cataracts in diabetic mice56 and its preven-

tion by pyruvate. Therefore, it is interesting to find that the 

thioredoxin system also inhibits the hypermethylation and 

deacetylation of the histone moiety of the deoxyribonucleic 

acid (DNA).57–59

Conclusion
As summarized in the “Results” section, the incubation of 

lenses with sulforaphane led to a significant enhancement in 

the activity of TrxR. Its activity rose to about 18 times higher 

than activity in the lenses incubated without sulforaphane. 

It was also interesting to note that there was also a small 

but consistent increase in its activity in the lenses incubated 

without sulforaphane, compared with the level in the fresh 

un-incubated lenses, reflecting a stress response in the incu-

bated tissue. This could be attributable to movement of the 

tissue from its natural habitat in the eye in vivo to an artifi-

cial culture medium. This movement also involves a change 

in the oxygen level in the environment: from a relatively 

hypoxic atmosphere in vivo to a fully normoxic environment 

under incubation. In addition, there is an inherent leakage of 

some constituents from the tissue during its isolation from 

the eye and during the period of culture. The induction of 

TrxR activity by sulforaphane is decidedly much stronger. 

However, whether this compound could be useful in cataract 

prevention remains to be determined. The beneficial effect 

of sulforaphane in protecting the lens against cataract for-

mation is also predictable from its preventive effect against 

lens opacification induced by hydrogen peroxide in vitro.60 

It has also been reported to protect against light-induced 

damage to retinal pigment epithelium in isolated mouse eye 

cup preparations.61
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