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Abstract: Age is the biggest risk factor for cataracts, and aberrant oxidative modifications are corre-
lated with age-related cataracts, suggesting that proper redox regulation is important for lens clarity.
The lens has very high levels of antioxidants, including ascorbate and glutathione that aid in keeping
the lens clear, at least in young animals and humans. We summarize current functional and genetic
data supporting the hypothesis that impaired regulation of oxidative stress leads to redox dysreg-
ulation and cataract. We will focus on the essential endogenous antioxidant glutathione and the
exogenous antioxidant vitamin C/ascorbate. Additionally, gene expression in response to oxidative
stress is regulated in part by the transcription factor NRF2 (nuclear factor erythroid 2-related factor 2
[NFE2L2]), thus we will summarize our data regarding cataracts in Nrf2-/- mice. In this work, we
discuss the function and integration of these capacities with the objective of maintaining lens clarity.

Keywords: lens; glutathione; redox; NRF2; ascorbate/vitamin C

1. Introduction

A cataract is the loss of transparency of the normally clear eye lens. Opacification of the
eye lens is the leading cause of blindness worldwide, representing 40% of total blindness [1].
It involves the aggregation of proteins due to the formation of many non-covalent and cova-
lent crosslinks including non-native disulfide bonds [2]. In most cases these intermolecular
bonds involved oxidative influences, thus the protein precipitation in cataracts reflects the
redox status of the lens milieu. A robust antioxidant defense system plays a vital role in
minimizing oxidative insult and protein aggregation to preserve lens transparency. In this
review, we will focus on the regulation of the essential endogenous antioxidant glutathione,
the exogenous antioxidant vitamin C/ascorbate, and the transcriptional activator NRF2
(nuclear factor erythroid 2-related factor 2 [NFE2L2]) and their roles in the development or
prevention of cataract.

2. Lens Structure and Cataract

The function of the lens is to focus light onto the retina (Figure 1A). To accomplish
this, the lens must remain clear. Because the lens is positioned at the front of the eye, and
most lens proteins must exist and function for decades, it is susceptible to UV-light damage
and oxidative stress [3]. A single layer of epithelial cells is found under the anterior surface
of the capsule (Figure 1B). The epithelial cells at the germinative region divide, migrate
posteriorly and differentiate into lens fibers. The lens continues to grow and differentiate
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throughout the lifespan of the organism, with only the epithelium proliferating. Continuous
differentiation from epithelia to fiber cells results in lens growth (reviewed in [4]).
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Figure 1. Eye and lens structure and cataract. (A) Cross section of the eye showing light passing
through the cornea and lens. (B) Lens section illustrating the epithelial layer, fiber cell differentiation
and the organelle-free zone. (C) different cataract types.

In the young lens, the flexibility of the fibers, particularly cortical, newly differentiated
fiber cells, facilitates lens accommodation, allowing the eye to focus on images both near
and far [5]. New cells are formed throughout life, but older cells are not lost. Instead, they
are compressed and compacted into the center or nucleus of the lens [6]. The transparency
of the lens is made possible by a tight configuration of lens fibers. During differentiation,
there is coincident dehydration of the fibers and the fiber cells change their gene expression
profiles to produce high levels of crystallin proteins which are essential for the optical
properties of the lens (reviewed in [4]). Crystallin proteins contain many cysteine amino
acids and thus are highly susceptible to undesired modifications during redox imbalance.
Thus, redox in the lens must be tightly controlled in order for these proteins to maintain
their proper structure and function.

The lens fiber cells also undergo programmed removal of their organelles, resulting in
a central “organelle free zone” or OFZ (Figure 1B). While the removal of the organelles is
essential for lens clarity, the lack of protein transcription and translation machinery in the
OFZ results in little to no protein turnover. Thus, lens proteins are subject to cumulative
oxidative insults throughout the lifespan of the organism. As the lens ages, its proteins are
photo-oxidatively damaged, crosslinked, aggregate, precipitate, and accumulate in lens
opacities [7]. Dysfunction of the lens due to opacification is called cataracts. The term
“age-related” cataract is used to distinguish lens opacification associated with old age from
opacification associated with other causes, such as congenital and metabolic disorders, or
opacification induced by medication, trauma, or high-energy radiation.

There are three main types of cataracts that are phenotypically distinguishable: nuclear,
cortical, and posterior subcapsular (Figure 1C). Additionally, mixed cataracts may exhibit
opacities in multiple zones. The most common cataracts are nuclear and cortical cataracts.
Nuclear opacities generally affect vision more because they interfere directly with the
passage of light along the visual axis. Posterior subcapsular opacities occur less frequently
but are also located along the visual axis and can impair vision (reviewed in [4]).

There are many genetic mutations that lead to congenital or early-onset cataracts
(reviewed in [8]). However, although the risk for age-related cataracts appears to have a
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genetic component [9–11], only a few genes have been identified that lead to earlier onset
or an increased risk of age-related cataracts. Mutations in the Eph receptor A2 (EPHA2)
lead to cortical cataracts in humans and in mouse models [12]. While mutations in the
crystallin genes generally lead to congenital cataracts, mutations in αA crystallin (CRYAA)
can also lead to an early onset age-related cataract [13]. The Emory mouse, potentially
caused by a mutation in Abhd12 [14], has an increased risk of age-related cataracts that can
be ameliorated by a calorie-restricted diet [15]. Furthermore, we recently demonstrated that
deletion of the antioxidant transcription factor NRF2/NFE2L2 leads to age-related cataracts
in both male and female mice [16]

Oxidative stress plays a key role in age-related cataract etiology. Excessive oxygen
and its reactive metabolites have been related to an enhanced risk of cataracts. Increased
cataracts have been observed in patients treated with hyperbaric oxygen therapy [17] and
in guinea pigs subjected to hyperbaric oxygen treatment [18]. Smoking and tobacco confer
oxidative stress and their use is associated with increased risk of cataract and nuclear
sclerosis through increased oxidative stress and diminished levels of antioxidants [19,20].
In order to combat oxidative stress, the lens exploits a number of antioxidant enzymes and
processes which can counterbalance the oxidative insults. A few studies have investigated
the total antioxidant capacity with regard to human age-related cataracts. Kisic et al.
showed that the levels of GSH, total sulfhydryl groups, ascorbate, and ferric-reducing
capacity of the lens were decreased in late-stage vs. early cataracts [21]. Additionally, total
antioxidant capacity and ascorbate levels in the aqueous humor were inversely related to
cataract severity [22].

This review will focus on the most abundant antioxidants in the lens: glutathione
and vitamin C/ascorbate. There is coordination between ascorbate and glutathione redox
regulations as each converts the other from the oxidized to the reduced form. Additionally,
when activated, the transcription factor, NRF2 binds to the antioxidant response element
(ARE) and directs the synthesis of the rate-limiting enzymes responsible for glutathione
synthesis: glutamate–cysteine ligase (GCLC) and glutamate-cysteine ligase modifier sub-
unit (GCLM). Thus, the glutathione, ascorbate and NRF2 pathways are interconnected to
regulate cellular redox status in the lens (Figure 2).
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Figure 2. Interactions between antioxidant pathways. NRF2 increases the transcription of GCLM and
GCLC, rate limiting enzymes in glutathione synthesis. GSH and ascorbate coordinate cellular redox
by reducing and oxidizing each other.

3. Glutathione and the Lens
3.1. Glutathione Regulation in the Lens

Glutathione (γ-glutamyl-cysteinyl-glycine) is an essential antioxidant in cells and
tissues, existing primarily in the reduced form (GSH). The oxidized form is GSSG, and
the GSH:GSSG ratio is a robust indicator of cellular redox status. In the eye lens, a tissue



Nutrients 2023, 15, 3375 4 of 15

highly exposed to oxidative insults, GSH is found at an extraordinarily high concentration,
but the spatial distribution is not homogeneous [23–25]. GSH belongs to an antioxidant
network that includes superoxide dismutase and catalase along with other molecules
with antioxidant properties including lutein, zeaxanthin, and vitamins E and C. All these
components act in concert to neutralize the damage caused by reactive oxygen species such
as superoxide, hydrogen peroxide, or hydroxyl radicals. As a primary antioxidant in the
lens, GSH scavenges hydroxyl radicals, participates in the biosynthesis of vitamins C and
E, and is a cofactor for different key enzymes [26–29].

Homeostatic concentrations of GSH vary from the micromolar range in the extracellu-
lar milieu to the millimolar range in the intracellular environment, and decreased GSH has
been found in cataracts [30–32]. Steady-state intracellular levels depend on intracellular
GSH biosynthesis, direct uptake from the ocular humors, GSH recycling from oxidized
glutathione (GSSG), export of GSH, and degradation mediated by γ-glutamyl transpepti-
dases [3]. A fine-tuned balance between all these pathways is key to maintaining the proper
levels of GSH, preventing oxidative damage by reactive oxygen species in the lens [3].

3.2. Mechanisms Involved in the Maintenance of GSH Homeostasis in the Lens

One of the most striking features of the lens is that the different pathways that mod-
ulate GSH levels are distributed unevenly, and this spatial compartmentalization allows
for the establishment of a GSH gradient [3]. Glutathione is a tripeptide whose biosyn-
thesis involves three different amino acids (glutamate, cysteine, and glycine) and the
sequential action of two enzymes. The first and rate-limiting enzyme in GSH synthesis is
the glutamate–cysteine ligase (GCL) which forms γ-glutamylcysteine from L-glutamate
and cysteine. Glutathione synthetase (GSS) then adds a glycine to the C-terminus of γ-
glutamylcysteine. Intracellular GSH synthesis is active exclusively in the epithelium and
cortical fibers upon the uptake of precursor amino acids from the aqueous and vitreous
humors via the amino acid transporters GLYT and EAAT located in the outer cortex [33–35].
In addition, multiple reports suggest that uptake of GSH can occur directly from the oc-
ular humors, although the proteins involved in this import have not been characterized,
especially in the human lens [36–40]. A third source of GSH is the regeneration of GSH
from GSSG through the action of the enzyme glutathione reductase, whose activity is high
only in the cortex. In vitro studies suggest that the eye lens can export up to 20% of its
total GSH in a few hours, although the transporter involved in lens GSH efflux remains
to be identified [41,42]. γ-glutamyl transpeptidase is found in the lens epithelium and
probably degrades exported GSH into its constituent amino acids which are released for
new glutathione synthesis [43]. The contribution of this enzyme in supplying new amino
acids for glutathione biosynthesis is controversial in the lens. The low levels of the enzyme
in lenses compared to other ocular tissues do not seem to point toward a major role in the
modulation of lenticular GSH; however, GSH levels are significantly increased in cultured
lenses upon exposure to a γ-glutamyl transpeptidase inhibitor [42].

3.3. GSH Levels in Aging and Cataract

Age is the biggest risk factor for cataract, and the accumulation of oxidatively modified
proteins are a hallmark of age-related nuclear cataract. GSH levels are differentially affected
by advancing age, and significant decreases in the GSH:GSSG ratio are found in cataractous
lenses compared to normal lenses [26,44–46]. Of note, a decrease in cataractous tissue is
not observed for all antioxidant molecules; for example, no differences are found for the
carotenoids lutein-zeaxanthin between normal lenses and cataractous lenses [47].

The depletion of GSH with advancing age makes the ocular tissues more susceptible to
permanent tissue damage, ultimately compromising lens transparency. There is a general
agreement that age-related GSH depletion is a major factor in the development of age-
related nuclear cataracts (reviewed in [3]). The depletion of GSH is not uniform, taking
place mostly in the center of the lens, and different pathways involved in the maintenance
of GSH are affected with age (reviewed in [3]). The age-related decline of enzymes involved
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in GSH biosynthesis has been proposed as an Achilles’ heel in the homeostasis of lens
GSH [48]. However, other activities are also impacted by advancing age. For example,
decreased glutathione reductase activity was found in cataractous lenses, suggesting that a
compromised regeneration system might reduce the rate of GSH recycling [49]. Also, the
reduced activity of γ-glutamyl transpeptidase was found in cataractous lenses, suggesting
that compromised recycling of amino acids to participate in intracellular GSH biosynthesis
could be behind the pathology [50].

It is thought that the flux of GSH from the cortex to the center of the lens may occur
using two different mechanisms: diffusion of cortical GSH through intercellular channels
via gap junctions [51] and delivery of extracellular GSH using the internal microcirculation
system plus the action of GSH transporters in the center of the lens [52]. Deficient transport
of GSH from the cortex to the nucleus might participate in the regional depletion of
GSH seen in cataractous lenses if the microcirculation system and/or the gap junctional
intercellular communication is compromised with age.

3.4. In Vivo Analysis of GSH Deficiency and Cataracts

The use of different animal models with dysregulated GSH metabolism has emerged
as a valuable approach to getting a better understanding of the intimate relationship among
GSH, redox status, and cataracts. These in vivo models utilize genetic and pharmacological
approaches in rodents to dysregulate GSH.

Pharmacological agents can be used to induce GSH deficit. For example, diethyl
maleate is a GSH-depleting agent shown to enhance cataractogenicity [53]. Diethyl maleate
conjugates with GSH and these conjugates are expelled, lowering intracellular GSH. How-
ever, diethyl maleate is not highly specific for GSH, thus it is not recommended for the
long-term depletion of GSH. Selective inhibitors of the enzyme GCL are much more ef-
ficient tools for GSH depletion. Buthionine sulfoximine is a specific γ-glutamyl cysteine
synthetase inhibitor that lowers total and reduced glutathione, increases malondialdehyde,
and induces cataracts [54–57]. In postnatal day eight mice, buthionine sulfoximine induces
a rapid deterioration of lens fibers and opacity is developed within 2–3 days after injection
which correlates with altered protein biosynthesis [54,55]. Compounds with free radical
scavenger properties such N-acetylcysteine amide, acetyl-L-carnitine, or ascorbate prevent
buthionine sulfoximine-induced cataract formation in Wistar rats. Recently, the dietary
intake of taurine was also shown to be able to protect against GSH depletion in the rabbit
lens, suggesting that taurine also acts as an antioxidant in the lens [54,58–61].

Animal models targeting GSH biogenesis genetically are also valuable tools to inves-
tigate GSH depletion in the context of lens opacity. GSH is the major thiol antioxidant
and the disruption of GSH synthesis in the whole organism is lethal at an early embryonic
stage [62,63]. Hepatic-specific glutamate–cysteine ligase knockout mice develop steatosis,
mitochondrial injury, and liver failure. These mice deficient for hepatic GSH synthesis die
at approximately one month of age [64], highlighting the importance of GSH as a biological
determinant of tissue homeostasis. Cre-lox technology has allowed researchers to develop
lens-specific knockouts for GCLC where de novo GSH synthesis is completely abolished,
lowering levels of intralenticular GSH. These mice, homozygous lens GSH knockout mice
(LEGSKO), start to develop nuclear cataracts at four months [65]. Transcriptomics and
proteomics analysis revealed that the lens adapts to the GSH-deficiency by modulating
detoxifying genes, EMT signaling, transport systems, and lipid homeostasis. Despite these
compensatory mechanisms, the LEGSKO mice develop severe nuclear cataracts [61,66].
Mice lacking Nrf2, a key transcriptional modulator of GCLC, start developing opacities
at nine months and develop various age-related cataracts including advanced cortical,
posterior subcapsular, anterior subcapsular, and nuclear cataracts (see below) [16]. In a
buthionine sulfoximine treatment model, the addition of γ-glutamylcysteine ethyl ester
significantly increased glutathione in the lens [67]. Furthermore, oral administration of
γ-glutamylcysteine has been shown to increase the levels of glutathione in human tri-
als [68]. Thus, supplementation of γ-glutamylcysteine may be an indirect way to increase
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glutathione levels in the lens. Additionally, supplementation of taurine has been shown to
increase glutathione in the lens and ameliorate cataracts in animal models [60]. Thus, these
compounds may be useful in treating human age-related cataracts.

3.5. Glutathione and Protein Homeostasis

The balance between reduced and oxidized glutathione can affect protein quality
control in the lens. A major regulator of protein quality control is the ubiquitin path-
way. Ubiquitination regulates nearly every pathway in the cell by regulating stability,
intracellular trafficking, and function of proteins. The ubiquitin pathway is essential in
controlling proteostasis; the balance between protein production and destruction that is
essential for cellular homeostasis [69]. There are three main types of ubiquitination en-
zymes, E1s, ubiquitin-activating enzymes, E2s, ubiquitin-conjugating enzymes, and E3s,
ubiquitin ligases. The E1s, E2s, and many of the E3 enzymes are thiol-reactive, and thus
their activities are affected by changes in cellular redox. High levels of GSSG caused by
oxidative stress can decrease the charging of ubiquitin E1 and E2 proteins. This results
in diminished ubiquitination upon oxidative stress in both the lens and retina [70,71].
Additionally, treatment of the normally stable lens structural protein, γC crystallin with
glutathione leads to its unfolding and this is associated with more rapid degradation [72].
Thus, the ratio of GSH:GSSG affects the activity of the enzymes that target proteins for
destruction as well as altering the stability of substrates, indicating a role for glutathione in
maintaining proteostasis. Thus, changes in GSH:GSSG observed during aging and cataracts
could be contributing to disrupted proteostasis in the lens.

4. Vitamin C and the Lens
4.1. Redox and Vitamin C

Endogenous and exogenous antioxidants interact to contribute to the overall redox
status in the lens. Ascorbate or vitamin C is probably the most effective and least toxic
antioxidant identified in mammals. It can scavenge free radicals such as superoxide,
hydrogen peroxide, and singlet oxygen [73,74]. Ascorbate interacts with the glutathione
cycle, the thioredoxin cycle and the tocopherol/vitamin E cycle to control redox in the
cell (Figure 2 reviewed in [4]). There is a positive relationship between glutathione and
vitamin C/ascorbate. Ascorbate can increase GSH directly and by affecting the activities
of GSH-peroxidase and GSSG-reductase (reviewed in [75]). In a prospective study of
200 people, those with adequate levels of ascorbate had higher levels of plasma GSH than
those with lower levels [76]. The lower levels of ascorbate and GSH were also correlated
with increases in oxidative stress markers in the plasma. Supplementation of ascorbate
increased GSH levels in lymphocytes [77] and red blood cells [78] in intervention trials.

In the lens, ascorbate can reduce GSSG to GSH and GSH can reduce dehydroascorbate
to ascorbate (see Figure 2). Thus, there is coordination between ascorbate and glutathione
redox regulation. Glutathione improves the antioxidant capacity of ascorbate and can
ameliorate the toxicity of high levels of ascorbate on lens cells in culture [79]. Depletion of
GSH from lens epithelial cells can increase their susceptibility to oxidative stress. This can
be ameliorated by the addition of ascorbate or tocopherol/vitamin E [80].

4.2. Vitamin C Levels in Lens and Cataract

Vitamin C is not synthesized in humans and must be taken in through dietary con-
sumption. Epidemiologic studies suggest that insufficiency of ascorbate increases the
risk of cataracts (reviewed in [4]). While the recommended daily intake of vitamin C is
75–90 mg/day, intake of 135 mg/day or blood levels of at least 49 mM are correlated with
decreased risk of cortical, nuclear, and posterior subcapsular cataracts [81]. However, the
impact of vitamin C is not equal for all types of cataracts. Here, we summarize the most
relevant literature for each type of opacity. See Table 1 for a summary of studies.

Cortical Cataract: Several studies indicate a protective role for vitamin C in reducing
the risk of cortical cataracts. The cross-sectional INDEYE study of rural Indians indicated
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that people with the highest plasma levels of vitamin C had a 35% reduced risk of cortical
cataracts compared with those with the lowest levels [82]. This effect appeared to be
driven by participants living in the southern rather than the northern part of India [83].
This geographic difference is of interest because there is a “cataract belt” of high cataract
prevalence in certain regions of India. The benefits of vitamin C are supported by the
prospective analysis in the Nutrition Vision Project (NVP), a subset of the Nurses’ Health
Study. This study showed that, among women aged ≤ 60 years, consumption of at least
363 mg/day of vitamin C was associated with a 57% decrease in risk of developing cortical
cataracts compared with women who consumed less than 140 mg/day. Additionally,
women who took supplemental vitamin C for at least 10 years had significantly fewer
cortical lens opacities than those who did not take supplements [84].

Nuclear cataract: Vitamin C intake is also correlated with a reduced risk of nuclear
cataracts. Approximately a 40% decreased risk has been reported for people with intakes
above 135 mg/day or blood concentrations of 6 µM (reviewed in [4]). Long-term elevated
intake or use of supplements was also associated with a decreased risk of nuclear cataracts.
In the INDEYE study, those with plasma levels of vitamin C in the highest tertile had
decreased risk for nuclear cataracts compared with the lowest tertile [82,83]. Notably, this
benefit was observed in participants from both northern and southern India.

Posterior subcapsular cataract: Retrospective studies suggest that elevating intake and
plasma levels of vitamin C may confer weak protection for posterior subcapsular cataracts
among those with an intake of at least 491 mg/day or blood levels above 49 µM [81]. A
similar decrease was also observed in the INDEYE study in both the northern and southern
study centers [82,83].

Intervention trials to increase vitamin C intake as a means to ameliorate cataracts
have been inconclusive. Many of the intervention trials include multiple antioxidants
in the supplements making it challenging to come to any conclusions regarding vitamin
C specifically. The Roche European American Cataract Trial (REACT) had participants
taking supplements with beta carotene, vitamin C, and vitamin E for three years. This trial,
although with a small sample size (158 participants total), did show modest, statistically
significant decreases in cataracts in both the US and the UK [85]. The Antioxidants in
Prevention of Cataract study (APC), a five-year randomized controlled trial of nearly
800 patients with mild cataracts in southern India also supplemented individuals with
beta carotene, vitamin C and vitamin E. Despite high compliance with the study subjects,
there were no differences between groups [86]. The Physicians Health Study, with over
11,000 male participants, supplemented with a daily multivitamin, alternate day vitamin E
and vitamin C, showed positive effects with regards to cataract incidence. Overall, there was
a significant 9% lower risk of all cataracts in the supplement group compared to the placebo.
There was also a small, but non-significant reduction in cortical cataracts. They observed
no differences in posterior subcapsular cataracts or cataract extraction [87]. A recent meta-
analysis of randomized controlled trials showed that vitamin C supplementation decreases
the risk of age-related cataracts [88]. Thus, while vitamin C intake correlates with decreased
risk of cataracts, there is no consensus as to whether supplementation is effective. In fact,
high levels of supplementation may be detrimental (see below).

4.3. Too Much of a Good Thing?

Although increased intake of vitamin C is correlated with protection from cataracts,
there is also evidence that too much can be detrimental. Fan et al. developed a trans-
genic mouse overexpressing hSVCT2, a sodium-dependent vitamin C transporter [89,90].
These mice have increased levels of vitamin C in their lenses, especially the oxidized
form, dehydorascorbate, and develop cataracts by 12 months of age. Furthermore, the
hSVCT2 lenses have increased levels of advanced glycation end products (AGEs) upon
aging [89]. This is relevant because ascorbic acid glycation contributes to cataractogenesis
and ascorbate-derived AGEs are increased upon aging in human cataracts [91]. While
the majority of epidemiologic studies show a protective role for vitamin C and cataracts,
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there are several studies that indicate an overabundance of vitamin C may contribute to
increases in cataracts. In a Swedish cohort of women taking high doses of supplemental
vitamin C (~1000 mg/day), a 38% increased risk of cataracts was observed [92]. Another
study showed a 36% increased risk of cataracts in men supplemented with high doses of
vitamin C alone (~1000 mg/day), but not with men taking vitamin C in conjunction with a
multivitamin [93]. These studies suggest that supplementation of high levels of vitamin C
on its own may be deleterious but as part of a varied diet or a multivitamin, vitamin C may
be beneficial for reducing cataract risk.

Table 1. Human studies relating Vitamin C and age-related cataracts.

Association Type of Study Findings Ref.

INDEYE Cross-sectional Decreased risk of all catraract types in highest vs.
lowest tertiles of plasma vitamin C [82,83]

Nutrition and Vision Project Retrospective Decreased risk of cataract with ≥363 mg/day Vitamin
C [83]

Intervention Length of Intervention Findings Ref.

REACT 3 years Small decrease in opacification upon supplementation [85]

APC 5 years No difference in cataract upon supplememtation [86]

PHS 11.2 years 9% lower risk in multivitamin supplemented group [87]

Swedish mammography
cohort 8.2 years 25% increased risk with high dose supplementation of

vitamin C [92]

Cohort of Swedish men 8.4 years 21% increased risk with high dose supplementation of
vitamin C alone [93]

5. NRF2 and Cataract
5.1. NRF2 Antioxidant Response

The NRF2 (nuclear factor erythroid 2-related factor 2 [NFE2L2]) transcription factor
acts as a primary cellular defense mechanism against oxidative stress. NRF2 is normally
located in the cytoplasm, bound to the cullin-3 (CUL3) and the adaptor protein Kelch-like
ECH-associated protein 1 (KEAP1). Under stress-free conditions, NRF2 is ubiquitinated
by the CUL3 complex, and targeted for degradation by the proteasome [94,95]. Upon
oxidative stress, NRF2 is released from KEAP1, translocates to the nucleus and activates the
transcription of a set of antioxidant response element (ARE, see Figure 2) genes to facilitate
a rapid response to oxidative stress [94,96].

Genes activated by NRF2 are largely cytoprotective, involving pathways including glu-
tathione synthesis, as well as detoxification and elimination of reactive oxygen species [94].
Thus, it is not surprising that the inhibition of NRF2 subsequently decreases the capacity
for the cell to respond to oxidative stress, which is exacerbated with increasing age [94,97].
NRF2 directly activates transcription of the rate-limiting enzymes responsible for glu-
tathione synthesis, GCLC, and GCLM (glutamate-cysteine ligase modifier subunit, see
Figure 2), and regulates glutathione regeneration [98]. Activation of the NRF2 pathway is
important in the protection against oxidative stress in many disease states including fatty
liver disease [99], pre-eclampsia [100], pulmonary disease [101], cardiovascular disease,
and neurodegenerative disease (reviewed in [102]). In contrast, hyperactivion of the NRF2
pathway may support the survival of cancer cells [103]. The association between reduced
downstream antioxidant effects due to decreased NRF2 activity, evident with age and in
age-related cataracts, has garnered attention for NRF2 as a therapeutic target for cataract
treatment and prevention [96].
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5.2. NRF2 in the Lens

There is growing literature about the NRF2-GSH axis in lens functions. Human lens
epithelial cells (HLECs), broadly used as a surrogate for whole lens biology, when treated
with suppressors of NRF2 activity recapitulate markers of protein aggregation as expected
for cataractogenesis [104–109]. Conversely, treatment with antioxidant compounds, includ-
ing those that induce NRF2 transcription and activation, protects against selenite-induced
cataracts [110,111]. Similarly, activators of NRF2 can protect HLECs from features of
cataracts that are induced under oxidative stress due to high glucose, hydrogen peroxide,
or homocysteine treatments [107,108,112–114]. Analysis of age-related cataractous lenses
from human diabetic or non-diabetic samples showed decreased methylation of the KEAP1
promoter, which in turn upregulates KEAP1 expression, and inhibits the NRF2 antioxidant
response [111,115].

Downstream targets of NRF2, including glutathione synthesis, thioredoxin reduc-
tase, glutathione reductase, thioltransferases, and levels of all these antioxidant enzymatic
functions have been shown to be decreased in cataracts [28,32,116–118]. We recently demon-
strated that male and female NRF2 knockout mice (Nrf2-/-) have increased frequency and
severity of cataracts. Intriguingly, aged Nrf2-/- mice developed advanced cortical, posterior
subcapsular, anterior subcapsular, and nuclear cataracts rather than being restricted to one
type of cataract [16]. Figure 3 shows representative lenses from Nrf2-/- mice with the most
severe (grade 4) cataract.

Nutrients 2023, 15, x FOR PEER REVIEW 9 of 16 
 

 

pathway may support the survival of cancer cells [103]. The association between reduced 
downstream antioxidant effects due to decreased NRF2 activity, evident with age and in 
age-related cataracts, has garnered attention for NRF2 as a therapeutic target for cataract 
treatment and prevention [96]. 

5.2. NRF2 in the Lens 
There is growing literature about the NRF2-GSH axis in lens functions. Human lens 

epithelial cells (HLECs), broadly used as a surrogate for whole lens biology, when treated 
with suppressors of NRF2 activity recapitulate markers of protein aggregation as expected 
for cataractogenesis [104–109]. Conversely, treatment with antioxidant compounds, in-
cluding those that induce NRF2 transcription and activation, protects against selenite-in-
duced cataracts [110,111]. Similarly, activators of NRF2 can protect HLECs from features 
of cataracts that are induced under oxidative stress due to high glucose, hydrogen perox-
ide, or homocysteine treatments [107,108,112–114]. Analysis of age-related cataractous 
lenses from human diabetic or non-diabetic samples showed decreased methylation of the 
KEAP1 promoter, which in turn upregulates KEAP1 expression, and inhibits the NRF2 
antioxidant response [111,115]. 

 
Figure 3. Deletion of Nrf2 leads to age-related cataracts. Examples are shown of 18 months wild-
type or Nrf2-/- lenses. These cataracts contain nuclear, cortical and capsular opacities, resulting in 
the blocking of light to the retina. 

Downstream targets of NRF2, including glutathione synthesis, thioredoxin reduc-
tase, glutathione reductase, thioltransferases, and levels of all these antioxidant enzymatic 
functions have been shown to be decreased in cataracts [28,32,116–118]. We recently 
demonstrated that male and female NRF2 knockout mice (Nrf2-/-) have increased 

Wild-type Nrf2-/- 

Slit-lamp image of 

View to back of the 

Dissected lens 

Figure 3. Deletion of Nrf2 leads to age-related cataracts. Examples are shown of 18 months wild-type
or Nrf2-/- lenses. These cataracts contain nuclear, cortical and capsular opacities, resulting in the
blocking of light to the retina.

We previously demonstrated that low glycemic index diets protect mice from age-
related macular degeneration-like phenotypes [119–122]. Additionally, epidemiologic
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studies indicate that people with high serum glucose have an increased risk of cataracts
(reviewed in [4]). Incidence of cataracts in the Nrf2-/- mice was not influenced by a low or
high glycemic index diet. However, we observed a modest but not statistically significant
decrease in the cataract incidence in aged Nrf2-/- mice upon calorie restriction (CR) [16].
Similarly, cataracts in the Emory mouse are ameliorated by CR [123–126]. An increase in
glutathione was also observed in the CR Emory mice, suggesting that CR may be able to
compensate, at least in part, for decreased NRF2 signaling [125,127]. Others have shown
that CR can compensate for some deficits associated with NRF2 deletion but not others [128].
Activation of the NRF2 pathway by nutritional means using plant-derived compounds
such as sulforophane and dimethyl fumarate. oleanolic acid, curcumin, and resveratrol
may be of interest for the treatment of the number of diseases (reviewed in [129,130]), it
will be of interest to determine whether these foods and nutritional compounds can delay
age-related cataracts.

6. Concluding Remarks and Future Perspectives

The role of altered redox in the etiology of cataracts is well known. A better under-
standing of redox regulation in cataractogenesis is imperative in order to design effective
therapeutic strategies. The essential antioxidant glutathione plays an important role in
controlling redox in the lens as mutations in the pathway and dysregulation in aging are
correlated with cataracts. Additionally, the exogenous antioxidant ascorbate/vitamin C
plays a role in regulating the redox milieu of the lens, with studies indicating that diets
rich in vitamin C are protective against many types of age-related cataracts, although
intervention trials have not been successful in preventing cataract and some studies suggest
there may be deleterious effects of vitamin C supplementation on its own. Furthermore,
the activity of the transcription factor NRF2 which stimulates a set of antioxidant response
genes is essential for maintaining lens clarity in aging. Further studies into the role of diet,
including CR and nutritional compounds that activate NRF2, and redox regulation in the
lens may identify new targets for intervention in age-related cataracts.

Funding: This work was supported by grants NIH RO1EY028559, RO1EY026979, RO1 EY021212,
Thome Memorial Foundation, USDA 8050-51000-089-01S (to A.T.) and RYC2018-024434-I and MINECO
PID2020-119466RB-I00 (to E.B.-F.). This material is based upon work supported by the US Department
of Agriculture-Agricultural Research Service (ARS), under Agreement No. 58-8050-9-004; No. 58-
8050-9-003.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Data sharing not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Pascolini, D.; Mariotti, S.P. Global estimates of visual impairment: 2010. Br. J. Ophthalmol. 2011, 96, 614–618. [CrossRef] [PubMed]
2. Serebryany, E.; Thorn, D.C.; Quintanar, L. Redox chemistry of lens crystallins: A system of cysteines. Exp. Eye Res. 2021,

211, 108707. [CrossRef]
3. Lim, J.C.; Grey, A.; Zahraei, A.; Donaldson, P.J. Age-dependent changes in glutathione metabolism pathways in the lens: New

insights into therapeutic strategies to prevent cataract formation—A review. Clin. Exp. Ophthalmol. 2020, 48, 1031–1042. [CrossRef]
4. Weikel, K.A.; Garber, C.; Baburins, A.; Taylor, A. Nutritional modulation of cataract. Nutr. Rev. 2014, 72, 30–47. [CrossRef]
5. Vrensen, G.F. Early cortical lens opacities: A short overview. Acta Ophthalmol. 2009, 87, 602–610. [CrossRef]
6. Der Perng, M.; Sandilands, A.; Kuszak, J.; Dahm, R.; Wegener, A.; Prescott, A.R.; Quinlan, R.A. The Intermediate Filament

Systems in the Eye Lens. Methods Cell Biol. 2004, 78, 597–624. [CrossRef]
7. Srivastava, O.P. Age-related increase in concentration and aggregation of degraded polypeptides in human lenses. Exp. Eye Res.

1988, 47, 525–543. [CrossRef] [PubMed]
8. Shiels, A.; Hejtmancik, J.F. Molecular Genetics of Cataract. Prog. Mol. Biol. Transl. Sci. 2015, 134, 203–218. [CrossRef] [PubMed]
9. Hammond, C.J.; Snieder, H.; Spector, T.D.; Gilbert, C.E. Genetic and Environmental Factors in Age-Related Nuclear Cataracts in

Monozygotic and Dizygotic Twins. N. Engl. J. Med. 2000, 342, 1786–1790. [CrossRef]

https://doi.org/10.1136/bjophthalmol-2011-300539
https://www.ncbi.nlm.nih.gov/pubmed/22133988
https://doi.org/10.1016/j.exer.2021.108707
https://doi.org/10.1111/ceo.13801
https://doi.org/10.1111/nure.12077
https://doi.org/10.1111/j.1755-3768.2009.01674.x
https://doi.org/10.1016/s0091-679x(04)78021-8
https://doi.org/10.1016/0014-4835(88)90092-9
https://www.ncbi.nlm.nih.gov/pubmed/3181333
https://doi.org/10.1002/9780470015902.a0025695
https://www.ncbi.nlm.nih.gov/pubmed/26310156
https://doi.org/10.1056/nejm200006153422404


Nutrients 2023, 15, 3375 11 of 15

10. Framingham Offspring Eye Study Group. Familial aggregation of lens opacities: The Framingham Eye Study and the Framingham
Offspring Eye Study. Am. J. Epidemiol. 1994, 140, 555–564.

11. Heiba, I.M.; Elston, R.C.; Klein, B.E.; Klein, R. Evidence for a major gene for cortical cataract. Investig. Opthalmol. Vis. Sci. 1995, 36,
227–235.

12. Jun, G.; Guo, H.; Klein, B.E.K.; Klein, R.; Wang, J.J.; Mitchell, P.; Miao, H.; Lee, K.E.; Joshi, T.; Buck, M.; et al. EPHA2 Is Associated
with Age-Related Cortical Cataract in Mice and Humans. PLoS Genet. 2009, 5, e1000584. [CrossRef]

13. Bhagyalaxmi, S.; Srinivas, P.; Barton, K.A.; Kumar, K.R.; Vidyavathi, M.; Petrash, J.M.; Reddy, G.B.; Padma, T. A novel mutation
(F71L) in αA-Crystallin with defective chaperone-like function associated with age-related cataract. Biochim. Biophys. Acta 2009,
1792, 974–981. [CrossRef]

14. Bennett, T.M.; Zhou, Y.; Meyer, K.J.; Anderson, M.G.; Shiels, A. Whole-exome sequencing prioritizes candidate genes for
hereditary cataract in the Emory mouse mutant. G3 2023, 13, jkad055. [CrossRef] [PubMed]

15. Mura, C.V.; Gong, X.; Taylor, A.; Villalobos-Molina, R.; Scrofano, M.M. Effects of calorie restriction and aging on the expression of
antioxidant enzymes and ubiquitin in the liver of Emory mice. Mech. Ageing Dev. 1996, 91, 115–129. [CrossRef] [PubMed]

16. Rowan, S.; Jiang, S.; Francisco, S.G.; Pomatto, L.C.D.; Ma, Z.; Jiao, X.; Campos, M.M.; Aryal, S.; Patel, S.D.; Mahaling, B.; et al.
Aged Nrf2-Null Mice Develop All Major Types of Age-Related Cataracts. Investig. Opthalmol. Vis. Sci. 2021, 62, 10. [CrossRef]

17. Bennett, M.H.; Cooper, J.S. Hyperbaric Cataracts; StatPearls: Treasure Island, FL, USA, 2023.
18. Borchman, D.; Giblin, F.J.; Leverenz, V.R.; Reddy, V.N.; Lin, L.R.; Yappert, M.C.; Tang, D.; Li, L. Impact of aging and hyperbaric

oxygen in vivo on guinea pig lens lipids and nuclear light scatter. Investig. Opthalmol. Vis. Sci. 2000, 41, 3061–3073.
19. Richter, G.M.; Torres, M.; Choudhury, F.; Azen, S.P.; Varma, R. Risk Factors for Cortical, Nuclear, Posterior Subcapsular, and

Mixed Lens Opacities: The Los Angeles Latino Eye Study. Ophthalmology 2012, 119, 547–554. [CrossRef]
20. Kelly, S.P.; Thornton, J.; Edwards, R.; Sahu, A.; Harrison, R. Smoking and cataract: Review of causal association. J. Cataract.

Refract. Surg. 2005, 31, 2395–2404. [CrossRef]
21. Kisic, B.; Miric, D.; Zoric, L.; Ilic, A.; Dragojevic, I. Antioxidant Capacity of Lenses with Age-Related Cataract. Oxidative Med. Cell.

Longev. 2012, 2012, 467130. [CrossRef]
22. Tsao, Y.-T.; Wu, W.-C.; Chen, K.-J.; Liu, C.-F.; Hsueh, Y.-J.; Cheng, C.-M.; Chen, H.-C. An Assessment of Cataract Severity Based

on Antioxidant Status and Ascorbic Acid Levels in Aqueous Humor. Antioxidants 2022, 11, 397. [CrossRef] [PubMed]
23. Nye-Wood, M.G.; Spraggins, J.M.; Caprioli, R.M.; Schey, K.L.; Donaldson, P.J.; Grey, A.C. Spatial distributions of glutathione and

its endogenous conjugates in normal bovine lens and a model of lens aging. Exp. Eye Res. 2017, 154, 70–78. [CrossRef] [PubMed]
24. Tsentalovich, Y.P.; Verkhovod, T.D.; Yanshole, V.V.; Kiryutin, A.S.; Yanshole, L.V.; Fursova, A.; Stepakov, D.A.; Novoselov, V.P.;

Sagdeev, R.Z. Metabolomic composition of normal aged and cataractous human lenses. Exp. Eye Res. 2015, 134, 15–23. [CrossRef]
25. Grey, A.C.; Demarais, N.J.; West, B.J.; Donaldson, P.J. A quantitative map of glutathione in the aging human lens. Int. J. Mass

Spectrom. 2019, 437, 58–68. [CrossRef]
26. Fan, X.; Monnier, V.M.; Whitson, J. Lens glutathione homeostasis: Discrepancies and gaps in knowledge standing in the way of

novel therapeutic approaches. Exp. Eye Res. 2017, 156, 103–111. [CrossRef] [PubMed]
27. Forman, H.J.; Zhang, H.; Rinna, A. Glutathione: Overview of its protective roles, measurement, and biosynthesis. Mol. Asp. Med.

2009, 30, 1–12. [CrossRef]
28. Giblin, F.J.; Zhou, Y.; Bennett, T.M.; Shiels, A.; Kyei, S.; Koffuor, G.A.; Ramkissoon, P.; Abu, E.K.; Sarpong, J.F.; Zhou, Y.-F.; et al.

Glutathione: A Vital Lens Antioxidant. J. Ocul. Pharmacol. Ther. 2000, 16, 121–135. [CrossRef]
29. Sasaki, H.; Giblin, F.J.; Winkler, B.S.; Chakrapani, B.; Leverenz, V.; Shu, C.C. A protective role for glutathione-dependent reduction

of dehydroascorbic acid in lens epithelium. Investig. Opthalmol. Vis. Sci. 1995, 36, 1805.
30. Harding, J.J. Free and protein-bound glutathione in normal and cataractous human lenses. Biochem. J. 1970, 117, 957–960.

[CrossRef]
31. Katakura, K.; Kishida, K.; Hirano, H. Changes in rat lens proteins and glutathione reductase activity with advancing age. Int. J.

Vitam. Nutr. Res. 2004, 74, 329–333. [CrossRef]
32. Wei, M.; Xing, K.-Y.; Fan, Y.-C.; Libondi, T.; Lou, M.F. Loss of Thiol Repair Systems in Human Cataractous Lenses. Investig.

Opthalmol. Vis. Sci. 2014, 56, 598–605. [CrossRef] [PubMed]
33. Lim, J.; Lam, Y.C.; Kistler, J.; Donaldson, P.J. Molecular Characterization of the Cystine/Glutamate Exchanger and the Excitatory

Amino Acid Transporters in the Rat Lens. Investig. Opthalmol. Vis. Sci. 2005, 46, 2869–2877. [CrossRef] [PubMed]
34. Lim, J.; Lorentzen, K.A.; Kistler, J.; Donaldson, P.J. Molecular identification and characterisation of the glycine transporter (GLYT1)

and the glutamine/glutamate transporter (ASCT2) in the rat lens. Exp. Eye Res. 2006, 83, 447–455. [CrossRef] [PubMed]
35. Martis, R.M.; Donaldson, P.J.; Li, B.; Middleditch, M.; Kallingappa, P.K.; Lim, J.C. Mapping of the cystine–glutamate exchanger in

the mouse eye: A role for xCT in controlling extracellular redox balance. Histochem. Cell Biol. 2019, 152, 293–310. [CrossRef]
36. Li, B.; Li, L.; Donaldson, P.J.; Lim, J.C. Dynamic regulation of GSH synthesis and uptake pathways in the rat lens epithelium. Exp.

Eye Res. 2010, 90, 300–307. [CrossRef]
37. Mackic, J.B.; Jinagouda, S.; McCOMB, G.J.; Weiss, M.H.; Kannan, R.; Kaplowitz, N.; Zlokovic, B.V. Transport of Circulating

Reduced Glutathione at the Basolateral Side of the Anterior Lens Epithelium: Physiologic Importance and Manipulations. Exp.
Eye Res. 1996, 62, 29–38. [CrossRef]

38. Stewart-DeHaan, P.J.; Dzialoszynski, T.; Trevithick, J.R. Modelling cortical cataractogenesis XXIV: Uptake by the lens of glutathione
injected into the rat. Mol. Vis. 1999, 5, 37.

https://doi.org/10.1371/journal.pgen.1000584
https://doi.org/10.1016/j.bbadis.2009.06.011
https://doi.org/10.1093/g3journal/jkad055
https://www.ncbi.nlm.nih.gov/pubmed/36891866
https://doi.org/10.1016/0047-6374(96)01780-0
https://www.ncbi.nlm.nih.gov/pubmed/8905609
https://doi.org/10.1167/iovs.62.15.10
https://doi.org/10.1016/j.ophtha.2011.09.005
https://doi.org/10.1016/j.jcrs.2005.06.039
https://doi.org/10.1155/2012/467130
https://doi.org/10.3390/antiox11020397
https://www.ncbi.nlm.nih.gov/pubmed/35204279
https://doi.org/10.1016/j.exer.2016.11.008
https://www.ncbi.nlm.nih.gov/pubmed/27838309
https://doi.org/10.1016/j.exer.2015.03.008
https://doi.org/10.1016/j.ijms.2017.10.008
https://doi.org/10.1016/j.exer.2016.06.018
https://www.ncbi.nlm.nih.gov/pubmed/27373973
https://doi.org/10.1016/j.mam.2008.08.006
https://doi.org/10.1089/jop.2000.16.121
https://doi.org/10.1042/bj1170957
https://doi.org/10.1024/0300-9831.74.5.329
https://doi.org/10.1167/iovs.14-15452
https://www.ncbi.nlm.nih.gov/pubmed/25537203
https://doi.org/10.1167/iovs.05-0156
https://www.ncbi.nlm.nih.gov/pubmed/16043861
https://doi.org/10.1016/j.exer.2006.01.028
https://www.ncbi.nlm.nih.gov/pubmed/16635486
https://doi.org/10.1007/s00418-019-01805-4
https://doi.org/10.1016/j.exer.2009.11.006
https://doi.org/10.1006/exer.1996.0004


Nutrients 2023, 15, 3375 12 of 15

39. Whitson, J.A.; Sell, D.R.; Goodman, M.C.; Monnier, V.M.; Fan, X. Evidence of Dual Mechanisms of Glutathione Uptake in the
Rodent Lens: A Novel Role for Vitreous Humor in Lens Glutathione Homeostasis. Investig. Opthalmol. Vis. Sci. 2016, 57,
3914–3925. [CrossRef]

40. Zlokovic, B.V.; Mackic, J.B.; McComb, J.; Kaplowitz, N.; Weiss, M.H.; Kannan, R. Blood-to-lens Transport of Reduced Glutathione
in an In Situ Perfused Guinea-pig Eye. Exp. Eye Res. 1994, 59, 487–496. [CrossRef]

41. Kinoshita, J.H.; Masurat, T. Studies on the Glutathione in Bovine Lens. Arch. Ophthalmol. 1957, 57, 266–274. [CrossRef]
42. Umapathy, A.; Li, B.; Donaldson, P.J.; Lim, J.C. Functional characterisation of glutathione export from the rat lens. Exp. Eye Res.

2018, 166, 151–159. [CrossRef]
43. Miller, S.P.; Arya, D.V.; Srivastava, S.K. Studies of gamma-glutamyl transpeptidase in human ocular tissues. Exp. Eye Res. 1976,

22, 329–334. [CrossRef] [PubMed]
44. Taylor, A.; Jacques, P.F.; Nadler, D.; Morrow, F.; Sulsky, S.I.; Shepard, D. Relationship in humans between ascorbic acid

consumption and levels of total and reduced ascorbic acid in lens, aqueous humor, and plasma. Curr. Eye Res. 1991, 10, 751–759.
[CrossRef]

45. Tessier, F.; Moreaux, V.; Birlouez-Aragon, I.; Junes, P.; Mondon, H. Decrease in vitamin C concentration in human lenses during
cataract progression. Int. J. Vitam. Nutr. Res. 1998, 68, 309–315.

46. Truscott, R.J. Age-related nuclear cataract—Oxidation is the key. Exp. Eye Res. 2005, 80, 709–725. [CrossRef] [PubMed]
47. Yeum, K.J.; Taylor, A.; Tang, G.; Russell, R.M. Measurement of carotenoids, retinoids, and tocopherols in human lenses. Investig.

Opthalmol. Vis. Sci. 1995, 36, 2756–2761.
48. Sethna, S.S.; Holleschau, A.M.; Rathbun, W.B. Activity of Glutathione Synthesis Enzymes in Human Lens Related to Age. Curr.

Eye Res. 1982, 2, 735–742. [CrossRef]
49. Yan, H.; Harding, J.J.; Xing, K.; Lou, M.F. Revival of Glutathione Reductase in Human Cataractous and Clear Lens Extracts by

Thioredoxin and Thioredoxin Reductase, in Conjunction with α-Crystallin or Thioltransferase. Curr. Eye Res. 2007, 32, 455–463.
[CrossRef]

50. Chevez-Barrios, P.; Wiseman, A.L.; Rojas, E.; Ou, C.N.; Lieberman, M.W. Cataract development in gamma-glutamyl
transpeptidase-deficient mice. Exp. Eye Res. 2000, 71, 575–582. [CrossRef] [PubMed]

51. Slavi, N.; Rubinos, C.; Li, L.; Sellitto, C.; White, T.W.; Mathias, R.; Srinivas, M. Connexin 46 (Cx46) Gap Junctions Provide a
Pathway for the Delivery of Glutathione to the Lens Nucleus. J. Biol. Chem. 2014, 289, 32694–32702. [CrossRef]

52. Vaghefi, E.; Donaldson, P.J. The lens internal microcirculation system delivers solutes to the lens core faster than would be
predicted by passive diffusion. Am. J. Physiol. Integr. Comp. Physiol. 2018, 315, R994–R1002. [CrossRef]

53. Wells, P.G.; Wilson, B.; Lubek, B.M. In vivo murine studies on the biochemical mechanism of naphthalene cataractogenesis.
Toxicol. Appl. Pharmacol. 1989, 99, 466–473. [CrossRef]

54. Calvin, H.I.; Wu, J.-X.; Viswanadhan, K.; Fu, J.S.-C. Modifications in Lens Protein Biosynthesis Signal the Initiation of Cataracts
Induced by Buthionine Sulfoximine in Mice. Exp. Eye Res. 1996, 63, 357–368. [CrossRef] [PubMed]

55. Calvin, H.I.; Medvedovsky, C.; David, J.C.; Broglio, T.M.; Hess, J.L.; Fu, S.C.; Worgul, B.V. Rapid deterioration of lens fibers in
GSH-depleted mouse pups. Investig. Opthalmol. Vis. Sci. 1991, 32, 1916–1924.

56. Calvin, H.I.; Medvedovsky, C.; Worgul, B.V. Near-Total Glutathione Depletion and Age-Specific Cataracts Induced by Buthionine
Sulfoximine in Mice. Science 1986, 233, 553–555. [CrossRef]

57. Mårtensson, J.; Steinherz, R.; Jain, A.; Meister, A. Glutathione ester prevents buthionine sulfoximine-induced cataracts and lens
epithelial cell damage. Proc. Natl. Acad. Sci. USA 1989, 86, 8727–8731. [CrossRef]

58. Carey, J.W.; Pinarci, E.Y.; Penugonda, S.; Karacal, H.; Ercal, N. In vivo inhibition of l-buthionine-(S,R)-sulfoximine-induced
cataracts by a novel antioxidant, N-acetylcysteine amide. Free. Radic. Biol. Med. 2011, 50, 722–729. [CrossRef]

59. Elanchezhian, R.; Sakthivel, M.; Isai, M.; Geraldine, P.; Thomas, P. Evaluation of lenticular antioxidant and redox system
components in the lenses of acetyl-L-carnitine treatment in BSO-induced glutathione deprivation. Mol. Vis. 2009, 15, 1485–1491.

60. Sevin, G.; Kerry, Z.; Sozer, N.; Ozsarlak-Sozer, G. Taurine supplementation protects lens against glutathione depletion. Eur. Rev.
Med. Pharmacol. Sci. 2021, 25, 4520–4526. [CrossRef] [PubMed]

61. Whitson, J.A.; Wilmarth, P.A.; Klimek, J.; Monnier, V.M.; David, L.; Fan, X. Proteomic analysis of the glutathione-deficient
LEGSKO mouse lens reveals activation of EMT signaling, loss of lens specific markers, and changes in stress response proteins.
Free. Radic. Biol. Med. 2017, 113, 84–96. [CrossRef]

62. Dalton, T.P.; Dieter, M.Z.; Yang, Y.; Shertzer, H.G.; Nebert, D.W. Knockout of the Mouse Glutamate Cysteine Ligase Catalytic
Subunit (Gclc) Gene: Embryonic Lethal When Homozygous, and Proposed Model for Moderate Glutathione Deficiency When
Heterozygous. Biochem. Biophys. Res. Commun. 2000, 279, 324–329. [CrossRef] [PubMed]

63. Shi, Z.-Z.; Osei-Frimpong, J.; Kala, G.; Kala, S.V.; Barrios, R.J.; Habib, G.M.; Lukin, D.J.; Danney, C.M.; Matzuk, M.M.; Lieberman,
M.W. Glutathione synthesis is essential for mouse development but not for cell growth in culture. Proc. Natl. Acad. Sci. USA 2000,
97, 5101–5106. [CrossRef]

64. Chen, Y.; Yang, Y.; Miller, M.L.; Shen, D.; Shertzer, H.G.; Stringer, K.F.; Wang, B.; Schneider, S.N.; Nebert, D.W.; Dalton, T.P.
Hepatocyte-specific Gclc deletion leads to rapid onset of steatosis with mitochondrial injury and liver failure. Hepatology 2007, 45,
1118–1128. [CrossRef]

65. Fan, X.; Liu, X.; Hao, S.; Wang, B.; Robinson, M.L.; Monnier, V.M. The LEGSKO Mouse: A Mouse Model of Age-Related Nuclear
Cataract Based on Genetic Suppression of Lens Glutathione Synthesis. PLoS ONE 2012, 7, e50832. [CrossRef] [PubMed]

https://doi.org/10.1167/iovs.16-19592
https://doi.org/10.1006/exer.1994.1134
https://doi.org/10.1001/archopht.1957.00930050276018
https://doi.org/10.1016/j.exer.2017.10.010
https://doi.org/10.1016/0014-4835(76)90225-6
https://www.ncbi.nlm.nih.gov/pubmed/8323
https://doi.org/10.3109/02713689109013869
https://doi.org/10.1016/j.exer.2004.12.007
https://www.ncbi.nlm.nih.gov/pubmed/15862178
https://doi.org/10.3109/02713688209020005
https://doi.org/10.1080/02713680701257837
https://doi.org/10.1006/exer.2000.0913
https://www.ncbi.nlm.nih.gov/pubmed/11095909
https://doi.org/10.1074/jbc.M114.597898
https://doi.org/10.1152/ajpregu.00180.2018
https://doi.org/10.1016/0041-008X(89)90154-3
https://doi.org/10.1006/exer.1996.0126
https://www.ncbi.nlm.nih.gov/pubmed/8944543
https://doi.org/10.1126/science.3726547
https://doi.org/10.1073/pnas.86.22.8727
https://doi.org/10.1016/j.freeradbiomed.2010.12.017
https://doi.org/10.26355/eurrev_202107_26244
https://www.ncbi.nlm.nih.gov/pubmed/34286494
https://doi.org/10.1016/j.freeradbiomed.2017.09.019
https://doi.org/10.1006/bbrc.2000.3930
https://www.ncbi.nlm.nih.gov/pubmed/11118286
https://doi.org/10.1073/pnas.97.10.5101
https://doi.org/10.1002/hep.21635
https://doi.org/10.1371/journal.pone.0050832
https://www.ncbi.nlm.nih.gov/pubmed/23226398


Nutrients 2023, 15, 3375 13 of 15

66. Whitson, J.A.; Zhang, X.; Medvedovic, M.; Chen, J.; Wei, Z.; Monnier, V.M.; Fan, X. Transcriptome of the GSH-Depleted Lens
Reveals Changes in Detoxification and EMT Signaling Genes, Transport Systems, and Lipid Homeostasis. Investig. Opthalmol. Vis.
Sci. 2017, 58, 2666–2684. [CrossRef] [PubMed]

67. Ohtsu, A.; Kitahara, S.; Fujii, K. Anticataractogenic property of gamma-glutamylcysteine ethyl ester in an animal model of
cataract. Ophthalmic Res. 1991, 23, 51–58. [CrossRef]

68. Zarka, M.H.; Bridge, W.J. Oral administration of gamma-glutamylcysteine increases intracellular glutathione levels above
homeostasis in a randomised human trial pilot study. Redox Biol. 2017, 11, 631–636. [CrossRef]

69. Akopian, D.; Rape, M. Principles of Ubiquitin-Dependent Signaling. Annu. Rev. Cell Dev. Biol. 2018, 34, 137–162. [CrossRef]
70. Jahngen-Hodge, J.; Obin, M.S.; Gong, X.; Shang, F.; Nowell, T.R.; Gong, J.; Abasi, H.; Blumberg, J.; Taylor, A. Regulation of

Ubiquitin-conjugating Enzymes by Glutathione Following Oxidative Stress. J. Biol. Chem. 1997, 272, 28218–28226. [CrossRef]
71. Shang, F.; Taylor, A. Oxidative stress and recovery from oxidative stress are associated with altered ubiquitin conjugating and

proteolytic activities in bovine lens epithelial cells. Biochem. J. 1995, 307 Pt 1, 297–303. [CrossRef]
72. Zetterberg, M.; Zhang, X.; Taylor, A.; Liu, B.; Liang, J.J.; Shang, F. Glutathiolation enhances the degradation of gammaC-crystallin

in lens and reticulocyte lysates, partially via the ubiquitin-proteasome pathway. Investig. Ophthalmol. Vis. Sci. 2006, 47, 3467–3473.
[CrossRef] [PubMed]

73. Lim, J.C.; Arredondo, M.C.; Braakhuis, A.J.; Donaldson, P.J. Vitamin C and the Lens: New Insights into Delaying the Onset of
Cataract. Nutrients 2020, 12, 3142. [CrossRef] [PubMed]

74. Timoshnikov, V.A.; Kobzeva, T.V.; Polyakov, N.E.; Kontoghiorghes, G.J. Redox Interactions of Vitamin C and Iron: Inhibition of
the Pro-Oxidant Activity by Deferiprone. Int. J. Mol. Sci. 2020, 21, 3967. [CrossRef] [PubMed]
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