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    Chapter 1   
 Oxidative Stress in Cornea 

             Eunbi     Kim    ,     Sam     Young     Yoon    , and     Young     Joo     Shin     

1.1             Oxidative Stress 

 Oxidative stress has been implicated in many pathophysiological events [ 1 ]. 
A disturbance in the pro-oxidant and antioxidant balance leads to potential 
damage [ 2 ]. The oxidative stress caused by reactive oxygen species (ROS) plays a 
pivotal role. ROS are not only considered to be the damaging factors in various 
pathologies, but they also participate in a wide variety of physiological processes 
such as signaling transduction [ 3 ,  4 ].  

1.2     Oxidative Stress in Cornea 

1.2.1     Antioxidant Defenses of the Tears, 
Aqueous Humor, and Cornea 

 The tear fi lm contains superoxide dismutase-1 (SOD-1) activity, but no catalase or 
glutathione peroxidase (GPx) activity [ 5 ]. Low molecular-weight    nonenzymatic 
antioxidants or antioxidant precursors including ascorbic acid, glutathione, uric 
acid, cysteine, and tyrosine were found in tear content [ 6 ]. High concentrations of 
lactoferrin in tears effectively chelate redox-active iron, thereby obviating · OH 
formation by iron-assisted Fenton chemistry [ 7 ].The aqueous contains signifi cant 

        E.   Kim    •    S.  Y.   Yoon    •    Y.  J.   Shin ,  M.D.      (*) 
  Department of Ophthalmology ,  Hallym University College of Medicine , 
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amounts of ascorbic acid, glutathione, uric acid, cysteine, and tyrosine and little 
SOD activity [ 7 ]. Ascorbic acid within the aqueous Humor might modulate lipoxy-
genase activity within the cornea and afford extracellular protection against ROS 
released by infi ltrating leukocytes during ocular infl ammation [ 8 ]. The cornea, 
on account of its exposure to UV light and high oxygen tension, requires robust 
antioxidant defenses. The human cornea is rich in SOD activity [ 7 ].  

1.2.2     Oxidative Stress as a Toxin 

1.2.2.1     Oxidative Damage 

 Imbalance between the production of ROS and the defence mechanisms against the 
reactive intermediates or the repair system from the oxidative damage produces 
oxidative stress [ 2 ]. Human corneal endothelial cells (HCECs) play an essential role 
in maintaining corneal transparency and thickness using adenosine-5′-triphosphate 
(ATP) [ 8 – 10 ]. HCECs confront the situations including oxidative stress because ROS 
are generated as by-products of ATP production [ 11 ,  12 ]. A lot of diseases and 
surgeries including ultrasound phacoemulsifi cation, senescence, bullous keratopathy 
and infl ammation, which can damage HCECs, are associated with oxidative stress [ 13 ]. 
Oxidative stress has been reported as a mediator of apoptosis [ 14 ]. ROS has been 
implicated in the cellular damage [ 14 ]. 

 Ultrasound (US) phacoemulsification is currently the most widely used 
means by which cataract surgery in the developed world is carried out [ 15 ,  16 ]. 
Phacoemulsifi cation is associated with the potentially injurious effects on HCECs 
[ 16 ,  17 ]. HCECs’ damage during phacoemulsifi cation can lead to permanent corneal 
injury requiring corneal allotransplantation as well as interfere with early visual 
rehabilitation after surgery [ 16 ]. Thus, we reported the effect of phacoemulsifi cation 
energy on the redox state of cultured HCECs [ 16 ]. Redox fl uorometry was used for 
measure redox ratio [ 18 ]. Redox fl uorometry is at present an in vitro, inexpensive, 
rapid, and reproducible means to quantitatively assess HCECs injury following US 
phacoemulsifi cation [ 18 ]. The redox ratio has been reported to be well correlated 
with oxidative stress [ 16 ,  19 ] because it refl ects changes in the relative amounts 
of reduced nicotinamide nucleotides and oxidized fl avins [ 16 ,  20 ]. HCECs exposed 
to increasing phacoemulsifi cation times and increasing ultrasonic energy levels 
displayed dose-dependent decreases in measured redox ratios. Lower redox ratios 
in response to phacoemulsifi cation did not associate with decreases in cell size or 
altered patterns of mitochondrial localization [ 16 ]. One mechanism by which 
phacoemulsifi cation energy can reduce the redox ratio in cells is by generation of 
extracellular ROS, such as hydroxyl radical and other free radical species. These are 
known to be formed during phacoemulsifi cation and to come into contact with the 
HCECs [ 21 – 24 ]. Such radicals generated near cellular membranes may result in 
protein oxidation as well as lipid oxidation [ 23 ]. These free radicals can act as 
external oxidative stressors in a manner similar to exposure to a chemical oxidant 
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such as tert-butylhydroperoxide (tBHP) [ 16 ]. Secondly, phacoemulsifi cation energy 
can reduce the redox ratio in cells through phacoemulsifi cation-induced intracellular 
apoptosis-mediated ROS [ 16 ]. Apoptotic processes can decrease intracellular redox 
ratios due to oxygen consumption and oxidative stress in the presence of complex I or 
complex II substrates that are consumed during the apoptotic process [ 25 ,  26 ]. 
In the our study, redox ratios were signifi cantly reduced in a dose-dependent 
manner in response to increasing phacoemulsifi cation times as well as increasing 
phacoemulsifi cation power, each refl ecting an indicator of increasing total energy 
transfer to the HCEC. Predictably, the percentage of nonviable, stained cells 
increased with both longer phacoemulsifi cation times and higher phacoemulsifi cation 
powers. Redox ratios were well correlated with the percentage of nonviable, stained 
cells. However, cell size was not signifi cantly altered by either greater phaco-
emulsifi cation time or increased ultrasonic power. Moreover, phacoemulsifi cation 
did not have a signifi cant effect on mitochondrial distribution patterns. While US 
phacoemulsifi cation of HCECs results in shifts in the redox ratio that implicate 
ROS, the injury pattern is distinct from that seen following extracellular exposure of 
HCECs to the chemical oxidant tBHP. Concentrations of tBHP suffi cient to cause 
both injury and apoptosis do result in similar redox ratio shifts but are also associ-
ated with characteristic changes in cell morphology such as decreased cell size 
(area) and a perinuclear pattern of mitochondrial distribution. Therefore, the redox 
fl uorometry data presented herein support a role for oxidative injury as a component 
of phacoemulsifi cation injury as well as implicate additional modes of injury in 
this complex HCEC stressor. Redox fl uorometry in combination with HCEC 
morphometric measurements has potential to serve as an indicator of HCEC injury 
resulting secondary to US phacoemulsifi cation. Differences in injury response 
between chemical oxidant injury and US phacoemulsifi cation injury may provide 
fundamental insights into the mechanisms of injury involved. 

 Radiotherapy has been widely used as the treatment of ocular diseases including 
orbital tumor, conjunctival lymphoma, and intraocular malignant tumors [ 27 ]. 
Radiation causes oxidative damage on the ocular tissue including cornea, lens, and 
lacrimal glands [ 27 – 30 ]. It has been reported that 20 Gy radiation induces the tran-
sient damage in the corneal epithelium and the delayed and irreversible changes in 
the corneal endothelium [ 3 ,  29 ,  31 ]. Sicca syndrome due to lacrimal gland dysfunc-
tion has been one of the well-known complications after high doses of radiation 
therapy [ 27 ,  32 – 34 ]. Low-dose radiation has been known to induce cataract because 
radiation induces ROS as an oxidative stress [ 35 ].  

1.2.2.2     Cell Arrest 

 Aging is characterized by a progressive deterioration in physiological functions and 
metabolic processes, leading to an increase in morbidity and mortality. The free 
radical theory of aging originally stated that free radicals generated endogenously 
cause oxidative modifi cation of cellular components; the accumulation of oxidative 
damage with aging results in cellular dysfunction and eventually cell death [ 36 ,  37 ]. 
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Lipid peroxidation and the oxidative damage of proteins and DNA increase with 
age. The oxidative stress theory of aging proposes that ROS, which primarily results 
from normal mitochondrial metabolism, cause progressive damage resulting in the 
functional decline that defi nes aging. Oxidative stress-induced apoptosis involves a 
very early degradation of mitochondrial polynucleotides (both DNA and RNA), 
apparently by a calcium-activated mitochondrial nuclease. Oxidative damage to 
mitochondrial enzymes, and to the mitochondrial genome itself, plays major roles 
in various age-related degenerative processes. 

 We reported several drugs to prevent the HCECs from oxidative stress- induced 
death [ 13 ,  38 ]. Clusterin has been described to attribute to many cellular physiologic 
functions, including cell–cell interactions, lipid transportation, cell survival, and 
apoptosis [ 39 ]. Clusterin induced under cytotoxic conditions to protect cells from 
cytotoxic stress [ 40 ]. Tert-butyl hydroperoxide (tBHP) is a ROS generating agent 
that causes lipid oxidation, stress-induced premature senescence [ 40 ]. tBHP damages 
DNA, resulting in cell death [ 17 ]. Clusterin reduced tBHP-induced intracellular 
ROS formation, increased cell viability against tBHP-induced oxidative stress, and 
decreased cell apoptosis induced by oxidative stress. Thus, clusterin showed the 
protective effect on oxidative stress-induced cell death of HCECs [ 41 ]. 

 Rapamycin also has been suggested to be a protective agent against oxidative 
stress [ 13 ]. Rapamycin (sirolimus) is a macrolide antibiotic with potent immuno-
suppressive properties. It has been used as an immunosuppressive agent in organ 
transplantation. Rapamycin has been described to induce autophagy through 
inhibition of mTOR1, 2 and to reduce ROS in cells [ 42 ,  43 ]. HCECs play an essential 
role in maintaining corneal transparency and thickness using ATP [ 9 ,  10 ,  44 ]. 
These cells confront the situations including oxidative stress because ROS are 
generated as by-products of ATP production [ 11 ,  12 ]. Rapamycin reduced 
2′,7′-dihydrodichlorofl uorescein oxidation and increased GSH in HCECs. 
Rapamycin signifi cantly inhibited tBHP-induced ROS production. Cells treated with 
rapamycin showed higher viability compared to control at 5 mM tBHP. Rapamycin 
effectively protected HCECs from ROS-induced cell death through increasing intra-
cellular GSH. Glutathione (GSH) has been well-known to protect against oxidative 
damage caused by ROS which are generated during normal metabolism [ 45 ,  46 ]. 
The recycling of GSH constituents maintains homeostasis of GSH within cells 
[ 46 ,  47 ]. GSH may be one of the major defense mechanisms in HCECs under 
oxidative stress relative to other antioxidative pathways. Glutathione (GSH) and 
GSH-associated metabolism constitute the principal line of defense for the protection 
of cells against oxidative and other forms of toxic stress [ 48 ]. GSH can scavenge 
free radicals, reduce peroxides, and can be conjugated with electrophilic compounds, 
thereby eliminating both ROS and their toxic by-products [ 49 ,  50 ]. GSH provides a 
critical defense system for the protection of cells against many forms of stress [ 48 ]. 
The mechanisms of rapamycin against oxidative stress have been reported to include 
antioxidative gene expression [ 51 ] and    autophagy [ 52 ]. 

 Cysteamine is a reducing aminothiol compound generated in animals [ 49 ]. 
Cysteamine has been previously employed for the treatment of cystinosis, since 
cysteamine interacts with free cystine inside the lysosome, leading to the formation 
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of cysteine or the disulfi de cysteine–cysteamine [ 50 ,  53 ]. Cysteamine can deplete 
cells of 90 % of their cystine contents [ 54 ]. Topical cysteamine has also proven 
useful in the treatment of corneal cystine crystals [ 55 – 57 ]. It has been recently 
reported that cysteamine appears to be a primary source of taurine with membrane- 
stabilizing and antioxidative properties [ 58 – 60 ] and has also been suggested as a 
novel approach to enhancing cellular glutathione levels [ 59 ]. Cysteamine reduced 
2′,7′-dihydrodichlorofl uorescein oxidation and increased glutathione. Cysteamine 
signifi cantly inhibited tBHP-induced ROS production. Cysteamine-treated cells 
evidenced higher viability relative to the controls at 5 mM tBHP, and cysteamine 
also effectively protected HCECs against ROS-induced cell death via an increase in 
intracellular glutathione. Our data indicate that low-dose cysteamine can protect 
HCEC against oxidative injury-mediated cell death via the inhibition of ROS 
production, although high-dose cysteamine was found to be toxic to normal HCECs. 
Cysteamine may prove useful as a protective agent in patients under oxidative stress 
conditions. Thus, cysteamine may be helpful as a pre- or post-medication after cataract 
surgery for protection against bullous keratopathy. Further study to correlate cysteamine 
concentration in anterior chamber is necessary for clinical application.   

1.2.3     Oxidative Stress as Signal Molecules 

 Cellular oxidation/reduction (redox) states regulate various aspects of cellular function 
and maintain homeostasis [ 61 ]. Moderate levels of reactive oxygen species/reactive 
nitrogen species (ROS/RNS) function as signals to promote cell proliferation, 
regulation, and survival [ 62 ], although increased levels of ROS/RNS can induce 
cell death [ 61 ,  62 ]. 

1.2.3.1     Infl ammation 

 Allograft corneal transplantation is widely performed to treat corneal diseases, 
including bullous keratopathy, Fuchs’ endothelial dystrophy, and corneal opacity [ 63 ]. 
Rejection is a major complication after allograft corneal transplantation [ 63 – 65 ]. 
The cornea has been described as an immune-privileged site because cornea has no 
blood or lymphatic vessels [ 66 ]. However, corneal endothelial rejection can cause 
persistent graft edema and failure [ 63 ,  67 ] while epithelial rejection is usually self 
limited. Suppression of corneal endothelial rejection is important to maintain endo-
thelial function and transparency of grafts [ 68 ]. Many drugs have been developed to 
suppress the infl ammation associated with organ transplantation including corneal 
endothelial rejection after corneal transplant [ 69 – 71 ]. The mainstay is the use of 
immunosuppressive agents including rapamycin, steroid, and cyclosporine A [ 72 ]. 
Recently, ROS has been described to induce the infl ammation [ 73 ,  74 ]. It has been 
reported that antioxidants play an essential role in inhibiting infl ammation [ 74 ]. 
However, there has been no study about the role of antioxidants in corneal 
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endothelial rejection after corneal transplantation. Cysteamine (CYS) is a simple 
aminothiol that participates in various physiologic processes, including amino acid 
transport, disulfi de reduction, protein synthesis, and protection against oxidative 
damage [ 59 ,  75 – 77 ]. CYS has been described as an antioxidant [ 78 ]. CYS enhances 
glutathione (GSH) synthesis under various forms of toxic stress [ 59 ]; furthermore, 
it exerts a potent and prolonged anti-infl ammatory effect [ 79 ,  80 ]. We reported that 
CYS effectively suppresses human peripheral blood mononuclear cells, HCEC 
reaction via ROS reduction [ 81 ]. Endothelial rejection involves infl ammatory signals, 
including keratic precipitates and infl ammation in the anterior chamber [ 63 ,  67 ]. 
Leukocyte counts in the graft bed are inversely correlated with actuarial graft 
survival [ 82 ]. Corneal endothelial rejection has been known as the most severe form 
of rejections [ 83 ,  84 ]. Two forms of endothelial rejection have been described [ 84 ]. 
Khodadoust line in endothelial rejection usually originates at a vascularized area 
of the cornea [ 84 ], or at the site of an anterior synechiae [ 83 ]. Within a few days, 
the line extends across the donor cornea, destroying endothelial cells, depositing 
keratic precipitates. The other form is diffuse endotheliitis although diffuse keratic 
precipitates are not visible. Endothelial rejection is one of the infl ammatory responses. 
Endothelial rejection is one of infl ammatory responses although the corneal endothelial 
cell rejection has been known to be mediated by a chronic adaptive immunity [ 85 ] 
and it is not well established that simply infl ammation plays a major role in this 
process. Thus, the interaction between PBMC and HCEC is important for graft 
survival. We showed that CYS suppresses PBMC proliferation and decreases 
intracellular ROS levels in a dose-dependent manner [ 65 ]. CYS is an antioxidant 
that enhances intracellular GSH levels. Moreover, CYS may act as a scavenger of 
superoxide free radicals and hydrogen peroxide [ 78 ]. ROS have been described to 
modulate infl ammation and tissue repair [ 86 ]. Although ROS causes cell death at 
high level, a low level of ROS has been described to mediate cell-signaling events 
in infl ammation as a second messenger [ 86 ]. Reduction of intracellular ROS can 
reduce the cell proliferation and infl ammatory response. Nuclear factor-erythroid 
2-related factor 2 (Nrf2), a redox- sensitive transcription factor, has been implicated 
in cellular responses to oxidative stress; Nrf2 inhibits nuclear factor kappa B 
(Nf-ƙB) [ 87 ,  88 ], which plays a key role in immune response and infl ammation [ 89 ]. 
Thus, CYS may exert an anti- infl ammatory effect by reducing intracellular ROS 
formation. In addition, CYS suppressed the levels of IL-6 and TGF-ß1 [ 65 ], which 
are the cytokines secreted by PBMCs [ 90 ,  91 ]. Nf-ƙB has been reported to induce 
the activation of IL-6 gene expression [ 92 ,  93 ] and to be regulated by TGF-ß1 [ 94 ,  95 ]. 
IL-6 is a proinfl ammatory cytokine that plays multiple roles during injuries and 
infl ammation [ 88 ]. IL-6 levels in the human aqueous humor have been reported to 
rise during corneal endothelial immune reactions [ 96 ,  97 ]. It has been reported that 
the specifi c release of proinfl ammatory cytokines from alloreactive infi ltrating cells, 
results in apoptosis in the corneal endothelium [ 98 ]. TGF- ß 1 is a multifunctional 
cytokine [ 99 ]. Although the role of TGF- ß 1 in corneal endothelial rejection is yet 
unclear, TGF-ß1 has been reported to be induced by tissue injuries, participate in tissue 
fi brosis [ 96 ], and regulate infl ammation and fi brosis [ 100 ]. TGF-ß1 has been reported 
to modulate Nf-ƙB [ 94 ,  95 ], which plays a key role in infl ammatory response [ 89 ]. 
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Thus, TGF-ß1 might regulate the immune response during corneal endothelial 
rejection. This study showed that CYS decreased PBMC proliferation, IL-6 and 
TGF-ß1 levels via ROS formation. Our results suggest that CYS could suppress 
infl ammation associated with PBMCs to corneal endothelial cells [ 81 ]. However, 
further in vivo studies are required. 

 In addition we reported combined treatment with antioxidants and immuno-
suppressants on cytokine release by human peripheral blood mononuclear cells - 
chemically injured keratocyte reaction [ 101 ]. Corneal chemical burn can induce a 
devastating and permanent damage to ocular surface resulting in corneal blindness 
[ 102 ]. Corneal chemical burn injuries can induce a large extent of cell death [ 102 ]. 
Especially, exposure to alkali agent may cause extensive damage to ocular tissues 
because alkali can progress rapidly and penetrate into deep tissues [ 103 ]. Although 
there have been many studies about treatment of chronic ocular damages including 
amniotic membrane transplantation, oral mucosal transplantation and limbal trans-
plantation [ 103 ,  104 ], suppression of acute and chronic infl ammation induced by 
chemical burn still has been challenging. A variety of medical therapies including 
topical and systemic drugs have been investigated to control infl ammation and 
promote ocular surface healing [ 105 ,  106 ]. After ROS has been reported to be able 
to induce infl ammation [ 86 ,  107 ], there have been many studies to report the effect 
of antioxidants on infl ammation [ 86 ,  102 ,  107 – 109 ]. Corneal chemical burn injury 
can induce infl ammation [ 104 ]. Alkali agents saponify the cellular membrane and 
induce cell death [ 103 ]. Cellular membrane damage is the cause of infl ammation in 
necrosis [ 105 ]. Necrosis induces infl ammation while apoptosis doesn’t [ 110 ]. Thus, 
chemically injured keratocyte may play an important role in inducing infl ammation 
in corneal chemical burn. Interactions between chemical-burned keratocyte and 
PBMC may play an essential role in chemical burn because keratocytes are the 
major cellular components of cornea [ 108 ]. We found that antioxidants as well as 
immunosuppressants suppress the PBMC proliferation [ 101 ]. The combination of 
immunosuppressants and NAC was more effective in suppression of PBMC prolif-
eration. It was reported that low concentrations of ROS can stimulate cellular 
proliferation as a second messenger [ 109 ,  111 ]. ROS are implicated in the regulation 
of several cellular processes depending on their intracellular levels. Although high 
levels of ROS are toxic to the cells [ 2 ,  105 ], low levels of ROS have various physi-
ologic roles for appropriate signal transduction, kinase activation, and biologic 
responses associated with receptor signaling [ 63 ]. In addition, ROS has been described 
to modulate the infl ammation [ 64 ] and promote infl ammatory cytokines [ 106 ]. 
Thus, antioxidants can have a potential to suppress infl ammation. On the other hand, 
the combination of immunosuppressants and ALA increased PBMC proliferation 
except for the combination of dexamethasone and ALA [ 101 ]. Although it has been 
reported that ALA alone inhibits airway infl ammation [ 112 ], we found the combina-
tion of immunosuppressants and ALA may increase infl ammation on the contrary. 
Further molecular-based studies are needed to clarify these results [ 101 ]. 

 MMP-9 is a collagenase IV produced by PBMCs [ 113 ,  114 ]. The production 
of MMPs by PBMC are triggered by chemokines and cytokines produced by other 
infl ammatory cells at the site of infl ammation [ 115 ]. MMP-9 is involved in degradation 
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of extracellular matrix [ 116 ]. Corneal stroma can be thinned progressively by 
MMP-9 upregulation in corneal chemical burn [ 117 ]. Suppression of MMP-9 is 
important to prevent cornea from thinning. MMP-9 levels were lower in ALA group 
and NAC group [ 101 ]. The combination of immunosuppressants and antioxidants 
was more effective in suppression of MMP-9 production except for the combination 
of MPA and ALA [ 101 ]. 

 IL-6 is a proinfl ammatory cytokine produced by PBMC [ 90 ]. IL-6 levels 
decreased in treatment with dexamethasone and antioxidants [ 101 ]. The combination 
of immunosuppressants and antioxidants are more effective to suppress the 
production of IL-6 [ 101 ]. MIF levels were not signifi cantly different in treatment 
with each drug [ 101 ]. MIF levels increased in MLKR treated with the combination 
of immunosuppressants and antioxidants except for the combination of rapamycin 
and ALA [ 101 ]. MIF has been described to be an innate immunity molecule leading 
to induction of proinfl ammatory activities [ 118 ]. MIF was originally described as a 
regulator of macrophage responses [ 118 ]. It directly or indirectly promotes expression 
of a variety of proinfl ammatory cytokines including IL-6, TNF-alpha, IL-8[ 124 – 126 ], 
MMP-9 [ 127 ], and TGF-β1 [ 119 ,  120 ]. MIF levels were elevated in the groups 
which showed lower PBMC proliferation rates and lower IL-6 levels in this study. 
MIF might be elevated as a master regulator of infl ammation [ 124 ] in response to 
suppression of infl ammation. TGF-β1 is a multifunctional cytokine that participates 
in a wide range of biologic events, including infl ammation and wound repair [ 119 ]. 
TGF-β1 induces synthesis and accumulation of extracellular matrix protein and 
has been implicated as the potent and key mediator of fi brogenesis [ 120 ]. TGF-β1 
has been reported to be induced by MIF in IgA nephropathy [ 120 ] while reduced 
TGF-β1 and increased MIF has been described in severe malaria [ 121 ]. TGF-β1 
plays an essential role in corneal chemical burn via inducing infl ammation and 
repairing wound [ 122 ]. TGF- β1 inducing transdifferentiation from keratocyte to 
myofi broblast contribute these processes [ 122 ]. Therefore, antioxidants as well as 
immunosuppressants suppressed the PBMC proliferation induced by chemically 
injured keratocyte [ 101 ]. The combination of immunosuppressants and antioxidants 
had a synergic effect on MLKR [ 101 ]. Cytokine production was different depending 
on the combination of drugs. Our results suggest that the different drugs should be 
selected for treatment according to the phases of corneal chemical burn [ 101 ]. 

 Furthermore, previous studies reported antioxidative capacity of rapamycin [ 13 ]. 
We revealed the effect of rapamycin on corneal chemical burn [ 123 ]. Corneal 
chemical injuries may produce extensive tissue damage resulting in permanent 
visual impairment [ 2 ]. Although it is essential to control infl ammation in the 
acute phase, the development of corneal opacity and neovascularization (NV) in the 
later phase has been reported to be the main cause of permanent visual loss. 
The effectiveness of several drugs for the treatment of chemical burn-induced 
corneal NV and opacity has been investigated [ 101 ,  128 ,  129 ]. The role of vascular 
endothelial growth factors (VEGF) in corneal chemical burn has been investigated 
in previous studies [ 131 ,  132 ]. Rapamycin has the suppressive effect on corneal NV 
and opacity as well as an antioxidative capacity [ 13 ,  123 ]. Chemical burn has been 
reported to cause a chronic infl ammatory state. Infl ammation of the cornea results 
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in corneal NV [ 129 ]. Thus, suppression of the infl ammatory cytokine can reduce 
corneal infl ammation [ 132 ] and angiogenesis [ 133 ]. Furthermore, NV often causes 
fi brosis [ 134 ], which results in corneal opacity [ 135 ]. TGF-b1, which can be 
modulated by IL-6 [ 136 ], has been reported to be involved in the initiation of the 
fi brotic response in vivo [ 137 ]. Thus, the drugs that suppress infl ammation and 
reduce fi brosis can be the most effective in treatment of corneal chemical burn. 
Rapamycin is an immunosuppressant used in several cancer treatments [ 138 ] and in 
allograft rejection treatment [ 139 ]. Rapamycin acts through inhibition of mammalian 
target of rapamycin (mTOR) [ 140 ]. Multiple upstream signals, including those 
triggered by growth factors and nutrients, are integrated into the mTOR signaling 
pathway. Inhibition of mTOR leads to cell cycle arrest, inhibition of cell prolifera-
tion, immunosuppression, and autophagy induction [ 140 – 142 ]. Recently, rapamy-
cin has been reported to have an effect on pulmonary fi brosis and on intraperitoneal 
fi brosis [ 143 ]. Corneal neovascularization and corneal opacity scores measured 
4 weeks after the chemical burn corneal injury were lower in the rapamycin-treated 
group than in the control group [ 123 ]. Two weeks after the chemical burn injury, 
a signifi cant elevation in the corneal IL-6 levels of the positive control group 
was observed, compared to the levels in the negative control group or the 
rapamycin- treated group ( P  < 0.05) [ 123 ]. Corneal TGF-b1 levels were lower in 
the rapamycin- treated group than in the control group at 4 weeks after chemical 
burn injury ( P  < 0.05) [ 123 ]. 

 Moreover, rapamycin inhibited TGF-b1-induced a-SMA expression and 
augmented ERK 1/2 phosphorylation. Corneal chemical burn may induce corneal 
blindness by increasing the corneal opacity and corneal NV [ 101 ,  103 ]. Rapamycin 
has been reported to inhibit pulmonary and peritoneal fi brosis [ 141 ,  142 ,  144 ] as 
well as allograft rejection [ 140 ]. In this study, the corneal opacity and NV scores 
were lower in the rapamycin group than those in the positive control group at 4 
weeks after the chemical injuries. Rapamycin treatment reduced IL-6 levels in the 
rapamycin group compared to those in the positive group 2 weeks after the chemical 
injuries. IL-6 is a proinfl ammatory cytokine produced in corneal chemical burn 
tissue [ 132 ] and is known to induce angiogenetic factors [ 133 ]. IL-6 levels in the 
rapamycin group decreased at 2 weeks and then did not differ at 4 weeks after 
chemical injury. The TGF-b1 levels in chemically burned corneas increased 4 weeks 
after chemical injury infl iction. In vivo studies revealed that corneal TGF-b1 levels were 
higher in the positive control group than in the rapamycin group and the negative 
control group. TGF-b1 has been reported to stimulate transdifferentiation of corneal 
stromal cells to myofi broblasts, which then increase the corneal opacity [ 135 ]. In vitro 
studies showed that the expression of a-SMA, a marker of myofi broblast [ 135 ], 
increased with the TGF-b1 treatment. Furthermore, TGF-b1 treatment stimulated the 
corneal stromal cells to transdifferentiate into myofi broblasts, whereas rapamycin 
inhibited TGF-b1-induced myofi broblast transdifferentiation. Rapamycin treatment 
also elevated phospho-ERK 1/2 levels. The ERK 1/2 signaling cascade is a central 
pathway in the regulation of cellular processes such as proliferation, differentiation, 
and survival [ 145 ]. The ERK 1/2 cascade is activated by many extracellular stimuli 
and internal processes [ 146 ], and the ERKs also phosphorylate a large number of 
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substrates, including Elk1, c-fos, and smad-linker [ 146 – 148 ]. Crosstalk between 
ERKs and SMAD signaling pathways has been reported [ 149 ]. The activation of 
SMAD pathway plays a central part in the development of fi brosis [ 150 ]. Rapamycin 
targets the mTOR protein [ 151 ], which is a serine/threonine kinase robustly reg-
ulated by a diverse array of upstream signals [ 152 ]. ERK has been reported to 
involve regulation of the mTOR pathway [ 153 ]. The mTOR-mediated protein 
synthesis requires coincident and mutually dependent activity in the PI3K and ERK 
pathways [ 153 ]. ERKs phosphorylate distinct sites on tuberous sclerosis complex 2 
(TSC2), leading to greater repression of its GTPase-activating protein (GAP) 
activity and, consequently, a magnifi ed stimulation of mTOR complex 1 (mTORC1) 
signaling [ 154 ]. mTOR is a major effector of cell growth and protein synthesis via 
the direct functional control of its downstream targets, ribosomal protein S6 kinase 
(S6k), and eukaryotic initiation factor 4E-binding protein (4EBP)-1 [ 151 ]. IL-6 
expression was not detected in an in vitro study, while IL-6 levels of cornea in vivo 
increased 2 weeks after chemical injuries. In vivo, chemical corneal injuries induce 
acute and chronic infl ammation of ocular surface, 9 where a variety of infl ammatory 
cells are involved [ 132 ]. Rapamycin, which is an anti-infl ammatory agent [ 140 ], 
reduced IL-6 level of cornea in vivo study. Even though IL-6 has been described as 
being secreted by many different cell types including T cells, macrophages and 
vascular endothelial cells [ 155 ], it is secreted by corneal stromal cells in response to 
exogenous stimuli including ultraviolet irradiation [ 156 ], infection [ 157 ], and 
immunological challenge [ 156 ]. However, cultured corneal stromal cells may produce 
extremely low levels of IL-6 if infl ammatory stimuli are absent [ 158 ]. In an in vitro 
study, TGF-b1 was used for induction of myofi broblast transdifferentiation, and it 
did not cause IL-6 secretion as an infl ammatory stimuli. TGF-b1 expression in cultured 
corneal stromal cells was not investigated in the in vitro study because the cells 
were treated with TGF-b1 exogenously.  

1.2.3.2     Proliferation 

 Park et al. reported that cellular redox state predicts in vitro corneal endothelial cell 
proliferation capacity [ 159 ]. Mitochondria are considered to be major organelles in 
the generation of ROS and play an essential role in the redox balance, with NAD(P)
H and FAD as cofactors [ 20 ,  160 ]. As such, mitochondria have been considered 
valuable targets for therapy. Therapeutic agents acting on redox metabolism at 
mitochondrial inner membranes have been recently developed [ 161 ,  162 ]. Redox 
fl uorometry is a noninvasive method that measures the cellular autofl uorescence 
emitted from reduced NAD(P)H and oxidized fl avoproteins in living cells. Reduced 
NAD(P)H and oxidized fl avoprotein signals originate from the mitochondrial matrix 
space [ 18 ,  163 ,  164 ], and the measurement of the ratio of the two fl uorescence 
intensities equates the reduction–oxidation ratio of reduced pyridine nucleotide to 
oxidized fl avoprotein [ 18 ,  163 ]. The redox ratio evaluated through fl uorometry has 
been used in the past to evaluate the redox state, and the inverse of the redox ratio 
corresponds to the cellular metabolic activity [ 163 ]. In addition, mitochondrial 
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autofl uorescence provides high-resolution mitochondrial images with accurate 
structural detail, as documented in live HCECs [ 164 ], since most of NAD(P)H 
autofl uorescence originates from intracellular mitochondria [ 19 ,  20 ,  163 ,  165 ]. 
Redox ratio computation by using redox fl uorometry is a useful predictor of cellular 
proliferation [ 18 ,  164 ]. 

 Mitochondria play essential roles in energy production, ROS generation, and 
apoptosis. Mitochondria are considered to be the major source of cellular ROS 
[ 166 ,  167 ]. Most cancer cells have increased metabolic activity and produce large 
amounts of ROS [ 168 ]. Altered mitochondrial respiratory metabolism increases the 
production of ROS in cells [ 169 ]. Although an appropriate level of intracellular 
ROS plays an important role in maintaining redox balance and signaling cellular 
proliferation [ 170 – 172 ], higher levels of ROS could lead to cellular damage. 
Physiologic fl uctuations of ROS can change the cellular redox state as positive and 
negative effectors in cellular proliferation [ 173 ]. Although redox signaling may be 
related to cell density, it has been reported that steady-state levels of intracellular 
ROS were signifi cantly lower in confl uent cells than in sparse cultures [ 174 ]. 
However, in the present study, cells cultured on collagen-coated dishes showed 
higher intracellular ROS (lower redox ratio) by redox fl uorometry, associated with 
a higher proliferation rate [ 18 ]. Thus, a lower redox ratio might be due to a higher 
proliferation rate, before the cells reach confl uence. Additionally, dividing cells 
require high energy metabolism, and this creates an electron fl ux from NADH to the 
mitochondrial electron-transport chain to generate more adenosine triphosphate 
(ATP), and consequently, the NADþ/NADH couple is oxidized [ 173 ]. In addition, 
the relation between redox and proliferation rate has been investigated in several 
cultured cell types, including HCECs and mesenchymal stem cells [ 159 ,  165 ]. 
Redox fl uorometry provides quantitative information on the redox status of living 
cells because it represents the changes of reduced NAD(P)H and oxidized 
fl avoproteins [ 18 ,  165 ]. Redox fl uorometry provides a method of estimating the 
redox state in individual cells. It can be measured by autofl uorescence of cellular 
NAD(P)H and fl avoproteins. NAD(P)H exists as a cofactor in the mitochondria 
and cytoplasm [ 18 ]. However, most NAD(P)H exists in mitochondria [ 175 ]. 
Flavoproteins exist mostly as electron-receptor equivalents to the fl uctuations of 
NADþ in cells [ 175 ]. They are cofactors for enzymes in oxidation–reduction 
reactions, and it has been found that only lipoamide dehydrogenase and electron- 
transfer fl avoprotein in the mitochondrial matrix contribute signifi cantly to cellular 
fl avoprotein fl uorescence [ 176 ].  

1.2.3.3    Differentiation 

 It has been reported that ROS plays an essential role in differentiation [ 177 ]. 
However, further study is essential to investigate the role of ROS in limbal stem cell 
and corneal endothelial stem cells. Thus, the balance of ROS is important for cell 
functions. The concentration, context, and location of ROS may be important to 
decide the role of ROS.   
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1.2.4     Other Corneal Diseases 

 Pterygium has been well-known to be associated with oxidative stress induced by 
UV. It is an infl ammatory, proliferative, and vascularized connective tissue derived 
from the conjunctiva [ 178 ]. UV irradiation has an oxidative damage on conjunctiva 
tissue either directly by UV phototoxic effects or indirectly by formation of radical 
oxygen species (ROS) [ 178 ]. Oxidative stress plays an essential role in p53 gene 
mutation in pterygium. 8-hydroxydeoxyguanosine (8-OHdG), which is an oxidative 
DNA damage and a ubiquitous marker of oxidative stress, expressed at high levels 
in pterygium [ 178 ]. Oxidative stress-mediated induction of the protein, survivin has 
been correlated with DNA oxidation and downregulation of the cell-growth inhibitor 
p53, leading to a hyperproliferative state [ 179 ]. 

 Oxidative stress has recently been described to be associated with dry eye 
syndrome [ 180 ,  181 ]. It has been linked to corneal, conjunctival, and lacrimal gland 
injury [ 181 ]. Corneal epithelial alterations in a blink-suppressed dry eye are accom-
panied by increases of oxidative stress markers, and ROS production in corneal 
epithelia, suggesting a relationship between accumulation of oxidative stress and 
the etiology of corneal surface disorder in blink-suppressed dry eye [ 180 ]. Oxidative 
marker including 4-HNE and 8-OHdG expressed strongly in the lacrimal glands of 
aged Sod1 knock-out mice [ 181 ]. The association of Sjøgren’s syndrome- associated 
oxidative stress and mitochondrial dysfunction has been reported [ 182 ]. Oxidative 
stress has been reported to be connected with infl ammation. 

 Diabetic keratopathy has been often accompanied in diabetic patients. 
Hyperglycemia has been reported to cause the oxidative stress [ 183 ]. It resulted from 
the generation of ROS and impairment of intracellular antioxidant defense system, 
in the cornea. The accumulation of advanced glycation end products (AGEs), which 
is associated with oxidative stress [ 183 ], might cause the decrease of corneal 
endothelial cells with aging.      
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    Chapter 2   
 Corneal Degenerations 

             Anna     M.     Roszkowska      and     Edward     Wylegala   

2.1             Introduction 

  Degenerations  are defi ned as the gradual deterioration of a tissue or an organ that 
was previously normal with frequent loss of functional activity. Corneal degen-
erations are characterized by the deposition of material, thinning of tissue, and 
vascularization. Contrary to corneal dystrophies, they are not hereditary and could 
be unilateral. Moreover, because of the continuous exposure to environmental 
conditions, the cornea might undergo changes related to UV stimulation, and in 
some cases, oxidative stress might be responsible for the onset of degenerative 
processes [ 1 ,  2 ]. 

 Corneal degenerations are characterized by a late onset; they can occur in several 
local diseases with mainly unilateral involvement or result from underlying sys-
temic disorders or age-related processes. In the latter cases, they are bilateral even 
if asymmetric. 

 Corneal degenerations can be classifi ed with relation to corneal changes. 
Generally, forms with abnormal peripheral corneal thinning and those with material 
deposition are recognized. The thinning processes are mainly of unknown etiology 
even if some general coexisting disorders were reported. In degenerations charac-
terized by material deposition, the local and systemic causes underlying the corneal 
involvement could usually be identifi ed [ 1 ].  
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2.2     Age-Related Corneal Degenerations 

 Age-related corneal degenerations represent rather common ocular conditions in 
elderly. They appear both as corneal thinning and material deposition and generally 
do not require any therapy as they could lead to visual disturbances only in sporadic 
cases [ 3 ]. 

2.2.1     Arcus Senilis 

 Arcus senilis is considered the most frequent corneal degeneration in elderly, 
with a prevalence of above 90 % in over 80-year-old subjects. It is bilateral but 
frequently asymmetric. Clinically, it is represented by a circular band of extra-
cellular deposits of lipoproteins with an evidently sharp external border sepa-
rated from the limbus by the clear cornea. The internal border of the arcus is 
poorly defi ned, while the central cornea is always clear. Lipids deposition starts 
superiorly and inferiorly involving the deep stroma in proximity to the 
Descemet’s membrane to extend to the sub- Bowman’s superfi cial stroma and 
become circumferential (Fig.  2.1 ).  

 Beyond senescence, the lipid arcus can be present in young males with hyper-
cholesterolemia and hypertriglyceridemia. In fact, such association is actually con-
sidered a sign of cardiovascular diseases, and a special medical care with 
cardiovascular evaluation should be recommended in the presence of the arcus in 
the young [ 3 – 5 ].  

  Fig. 2.1    Arcus senilis. 
(Archives Dr. 
A.M. Roszkowska)       
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2.2.2     Vogt Limbal Girdle 

 It is represented by limbal semilunar whitish lines that have an onset in the inter-
palpebral rim with a prevalence on the nasal zone. Limbal girdle is characterized 
by stromal thinning frequently associated to subepithelial calcium deposition. 
This common degenerative corneal change is present in 100 % of over 80-year-old 
subjects [ 3 ,  6 ]. 

 Vogt described two types of girdle: type I, separated from the limbus by a clear 
zone, includes calcium deposits and is considered an early form of band keratopa-
thy, while type II consists of hyaline degeneration with hyperelastosis in the periph-
eral Bowman’s membrane (Fig.  2.2 ).   

2.2.3     Crocodile Shagreen 

 It involves mainly the anterior corneal stroma, but in some rare cases, it can involve 
the posterior as well. Clinically, it presents evident polygonal cloudities separated 
by the clear lines that recall the crocodile shagreen (Fig.  2.3 ). Such clinical manifes-
tation seems to be related to the particular abnormal orientation of the stromal 
fi bers. Electron microscopy revealed the presence of vacuoles throughout the 
corneal stroma, with some of them containing electron-dense material. Crocodile 
shagreen corneal degeneration is rather uncommon and can be observed casually 
during a routine slit-lamp ocular examination. It is considered innocuous, but in its 
posterior variant, in some cases it can affect visual acuity [ 7 ,  8 ].   

  Fig. 2.2    Vogt limbal girdle. 
(Archives Dr. 
A.M. Roszkowska)       
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2.2.4     Peripheral Corneal Guttae 

 Age-related changes in the corneal endothelium are related above all to the progres-
sive cell loss with reduction of the cell density [ 9 ,  10 ]. The peripheral guttae are also 
known as Hassall-Henle bodies and are formed by the localized deposition of 
abnormal collagen secerned by the aging endothelial cells (Fig.  2.4 ). They consist 
of sporadic excrescences on the corneal endothelium localized prevalently in the 
middle periphery. This differentiates them from the Fuchs’ endothelial dystrophy, 
which starts in the center and spreads to the periphery, causing time corneal failure 
[ 11 ]. The number and extension of guttae are limited, so the endothelial cell density 
and function are not affected. In the pathogenesis of this age-related degeneration, 
the role of oxidative stress could be considered. In fact, oxidative stress involvement 
was established at the onset and progression of the Fuchs’ endothelial dystrophy, 
where similar histopathological alterations occur [ 2 ].    

  Fig. 2.3    Crocodile shagreen. 
(Archives Dr. 
A.M. Roszkowska)       

  Fig. 2.4    Hassall-Henle 
bodies. (Archives Dr. 
A.M. Roszkowska)       
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2.3     Corneal Degenerations with Tissue Thinning 

2.3.1     Terrien’s Marginal Degeneration 

 Terrien described it in 1900 as a noninfl ammatory, painless, evolutive thinning in 
the peripheral cornea, and its etiology remains poorly understood. Association with 
autoimmune disorders was described, so the autoimmune mechanism underlying 
the pathogenesis was hypothesized. Recently, an association with the chronic 
infl ammatory skin condition known as erythema elevatum diutinum was reported 
[ 12 ]. Terrien’s marginal degeneration could be observed at any age, but prevalence 
in middle-aged males was observed. Generally, it is bilateral but asymmetric. 
Terrien’s degeneration generally starts in the superior area with a local haze sepa-
rated from the limbus by a clear cornea. Successively, the peripheral stromal thins 
with typically an intact epithelial layer that characterizes this degeneration. Then 
the degenerative processes extend in a circumferential manner involving progres-
sively the whole corneal periphery, and in the advanced forms, the degeneration 
becomes circumferential. Progressive neovascularization could arise, as well as 
lipid deposits, in the central border of the thinning (Fig.  2.5 ). Patients are asymp-
tomatic until visual changes occur because of the progressive increment of irregular 
astigmatism [ 13 ,  14 ]. In some sporadic cases, slight infl ammation could be present, 
as reported by confocal fi ndings, and it responds well to the topical steroid therapy 
[ 15 ,  16 ]. Histopathological studies showed an increased lysosomal activity together 
with the absence of the Bowman’s membrane in the site of thinning [ 14 ]. As to the 
instrumental fi ndings, the topographical examination demonstrates irregular astig-
matism in advanced stages of the disease. The AC-OCT evaluation might be helpful 
in the evaluation of the peripheral thinning and in differential diagnosis with other 
peripheral corneal disorders. Recent AC-OCT fi ndings report the stromal cavity 
formation in the peripheral cornea due probably to the collagen phagocytosis [ 17 ]. 
The differential diagnosis should consider the peripheral corneal melt, Mooren’s 

  Fig. 2.5    Terrien’s marginal 
degeneration. (Archives Dr. 
A.M. Roszkowska)       
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ulcer, pellucid marginal degeneration, and dellen. The treatment consists of opti-
cal correction of irregular astigmatism. In advanced forms, contact lenses are rec-
ommended. The most dreaded complication in severe Terrien’s degeneration is 
related to corneal perforation. Perforation could be spontaneous or could result from 
any trauma, so the surgical approach should be considered when extreme thinning 
occurs [ 18 ]. Lamellar ring-shaped peripheral corneoscleral grafting is usually con-
sidered, but in some cases, tissue excision with appropriated suture could be per-
formed [ 19 ,  20 ].   

2.3.2     Dellen 

 Dellen is a localized area of corneal thinning in the periphery next to the limbus. It 
is located in proximity to the areas of tissue swelling or infl ammation when correct 
spreading of the tear layer is highly disturbed. Frequently, it follows some surgical 
procedures that induce conjunctival chemosis with paralimbal elevation, which pro-
duces a localized abnormality of the tear fi lm layer with following localized dehy-
dration and thinning [ 21 – 24 ]. This relatively common condition is reversible. In 
fact, the restoration of the normal fi lm layer spreading and intense lubrication con-
stitute the appropriate therapy for this disorder. Recently, the use of a large-diameter 
soft contact lens was proven to be an effective therapeutic solution to treat the dellen 
that arose after a pterygium removal [ 25 ].   

2.4     Corneal Degenerations with Material Deposits 

2.4.1     Salzmann’s Nodular Degeneration 

 Salzmann’s nodular degeneration (SND) is a noninfl ammatory, slowly progressive 
disease characterized by single or multiple whitish-gray subepithelial corneal nod-
ules. Salzmann described it in 1925 in association with keratoconjunctivitis, but 
with time, several different disorders coexisting with this disorder were detected. To 
date, its etiopathogenesis remains unknown, but it is considered to be associated 
with ocular surface infl ammation or chronic trauma. However, several cases with no 
previous corneal pathology have been reported and are considered idiopathic. 

 Clinically, the typical clinical signs could be observed during slit-lamp examina-
tion, with either solitary or multiple nodules elevated on the corneal surface and 
located in the midperiphery of the cornea. In some cases, single or few nodules are 
present in one or more quadrants during routine ocular examination in asymptom-
atic patients, and sometimes, the nodules may invade the central zone. When mul-
tiple nodules are present, they have a typical circular arrangement and might be 
confl uent in the advanced stages. A normal clear cornea between the nodules is a 
characteristic clinical feature (Fig.  2.6 ). The ocular surface disorders involved in the 
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etiopathogenesis of Salzmann’s degeneration are Meibomian gland dysfunction and 
dry eye disease followed by rosacea, phlyctenular keratitis, vernal keratoconjuncti-
vitis, trachoma and interstitial keratitis. The chronic injuries that are most com-
monly associated with the development of the degenerative changes are extended 
contact lens use and previous corneal surgery followed by actinic exposure, recur-
rent erosions, and chemical or thermal injuries [ 26 – 29 ].  

 Recently, SND in patients with Crohn’s disease was reported, and a hypothesis 
about association with systemic diseases was advanced [ 30 ,  31 ]. 

 Therefore, although the etiology remains uncertain, it is hypothesized that 
Salzmann’s nodular degeneration can be triggered by multiple events that lead to a 
nonspecifi c corneal tissue reaction based on individual predisposition. It appears to 
be more frequent in middle-aged women, and it is bilateral in about 60 % of cases. 
The main symptoms are visual disturbances and photophobia, ocular discomfort, 
mainly characterized by dryness, and foreign body sensation. In severe forms, char-
acterized by very elevated nodules, painful epithelial lesions can occur. Visual 
impairment is progressive and due to an astigmatic defect produced by the nodules. 
Severe corneal irregularities in advanced stages generate high irregular astigmatism 
with severe visual loss. Although the diagnosis of Salzmann’s degeneration is 
exclusively based on clinical fi ndings, several instrumental examinations such as 
corneal topography, anterior segment optical coherence tomography, and confocal 
microscopy are useful to provide a better understanding of the corneal alterations 
and to quantify the amount of visual impairment. Corneal topography demonstrates 
the irregularities of the corneal shape produced by corneal nodules, and the induced 
surface alteration depends on their number and localization. 

 AC-OCT allows the evaluation of the nodules’ dimension and depth, allowing 
the investigation of the stromal extension of the nodules that can help decide the 
surgical approach [ 32 ]. Confocal microscopy showed an increased refl ectivity of the 
anterior stroma with abnormal and activated keratocytes and marked stromal scatter 
corresponding to the nodules as a result of the presence of fi brosis [ 33 – 35 ]. 

  Fig. 2.6    Salzmann nodular 
degeneration. (Archives Dr. 
A.M. Roszkowska)       
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 Histopathological studies have revealed that the corneal nodules are located 
subepithelially but may extend to one-third of the anterior stroma and are formed by 
a dense connective tissue with hyaline degeneration. The corneal epithelium has an 
irregular thickness, with extremely increased thinning over the corneal nodules. The 
Bowman’s membrane exhibits disruption, and in the correspondence of the nodules, 
it is no longer appreciable and frequently replaced by fi brosis. Subepithelial fi brosis 
is a frequent histopathological fi nding, with activated fi broblasts beneath the epithe-
lial cells. Increased expression of matrix metalloproteinase-2 (MMP-2) was recently 
detected in patients affected by Salzmann’s degeneration, and this may be respon-
sible for the induction of the basement membrane and Bowman’s layer disruption 
[ 33 ,  35 – 37 ]. 

 Therapy is related to the symptoms and severity. In early forms, treatment is 
aimed at reducing the presenting symptoms with conservative therapy concerning 
eyelid hygiene, lubricants, and anti-infl ammatory eyedrops suffi ciently to elimi-
nate dry eye symptoms and foreign body sensation. Visual loss is an indication for 
surgical treatment, which consists of the removal of the nodules and the restora-
tion of corneal surface regularity. In superfi cial nodules, manual removal with a 
crescent knife is suffi cient and leaves a uniform smooth underlying surface. In the 
case of deeper ingrowth that involves the anterior stroma, after the nodule’s 
removal, the excimer laser PTK is usually performed to smoothen the surface. In 
some cases with deep ingrowth, the anterior lamellar becomes necessary [ 38 ,  39 ]. 
The recurrence of Salzmann’s nodules after surgical removal can occur with vary-
ing prevalence rates (18–21.9 %) and periods of time to recurrence (1 month to 6 
years) [ 40 – 42 ].  

2.4.2     Band Keratopathy 

 Band keratopathy consists of the deposition of calcium salts in the interpalpebral 
region. It starts in proximity to the limbus in the corneal periphery nasally and tem-
porally at the same time. Successively, it spreads gradually to the center, forming a 
band-like whitish-gray plaque. Clear cornea separates the peripheral border of the 
band from the limbus. Visual acuity decreases with the advancement of deposits. In 
fact, in the advanced stages, the density of calcium deposition might create a severe 
visual impairment (Fig.  2.7 ). Moreover, in severe lesions, the deposits become ele-
vated and produce considerable discomfort because of the ocular surface 
alterations.  

 Band keratopathy can affect a single eye when it arises after local disorders such 
as chronic anterior uveitis, interstitial keratitis, severe injury, chronic corneal infl am-
mations, and phthisis bulbi. It is bilateral when generated by a general disorder. 
Systemic conditions underlying the band keratopathy onset are chronic renal fail-
ure, juvenile rheumatoid arthritis, and hyperuricemia. 

 Histology shows calcium salt deposits localized in the Bowman’s layer, base-
ment membrane of epithelium, and anterior stroma [ 43 ]. 
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 As for the treatment, the cause of band keratopathy should be addressed. The 
coexistence of an underlying systemic or local disorder must be recognized and 
treated fi rst. Successively, calcium deposits are treated with a chelation procedure, 
which has been proven to be effective and easy to perform. Mechanical debridement 
was demonstrated to be effective as well in early stages. In case of dense and thick 
deposits, the manual scraping is necessary prior to chelation. Chelation is performed 
using a 1.5–3.0 % solution of ethylenediaminetetraacetic acid (EDTA) for 
15–20 min. If required, the corneal surface might be further smoothened by excimer 
laser phototherapeutic keratectomy. Epithelial layer restoration could be enhanced 
by amniotic membrane application, which may help optimize the clinical outcome. 
Only in very advanced cases with severe visual impairment could the lamellar kera-
toplasty be considered a therapeutic option [ 43 – 45 ].  

2.4.3     Lipid Keratopathy 

 Lipid keratopathy can occur spontaneously or may be a consequence of a previous 
ocular injury or infl ammation. The fi rst form is a primary one, rather infrequent, 
because of stromal deposits of cholesterol, fats, and phospholipids. It is not associ-
ated with vascularization. 

 The second form occurs as a secondary disorder associated to previous ocular 
diseases or injury. The secondary lipid keratopathy is much more common, and it is 
typically associated with corneal vascularization (Fig.  2.8 ). The most frequent cor-
neal pathologies underlying the secondary lipid keratopathy are herpetic infections, 
both simplex and zoster. Treatment should focus on the underlying disease fi rst. 
Successively, abnormal vascularization should be eliminated by argon laser photo-
coagulation or needle point cautery to induce the absorption of the lipids through 
the destruction of the feeder vessels.  

  Fig. 2.7    Band Keratopathy. 
(Archives Prof. E. Wylegala)       
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 Corneal grafting remains the last treatment option, but it needs a relative quiescence, 
and the clinical outcome is rather poor because of the corneal thinning, hypesthesia, 
and persistent vascularization [ 46 ,  47 ].  

2.4.4     Spheroidal Keratopathy 

 Spheroidal corneal degeneration is also known as corneal elastosis, Labrador kera-
topathy, climatic droplet keratopathy, Bietti’s nodular dystrophy, proteinaceous cor-
neal degeneration, elastotic degeneration, Fisherman’s keratopathy, and Eskimo’s 
corneal degeneration. It was described by Bietti in 1955 and is characterized by 
oil-like, amber-colored, spheroidal deposits at the limbus and in the peripheral inter-
palpebral cornea. 

 It arises typically in outdoor workers, and the main causing factor is ultraviolet 
exposure. It is more frequent in populations living in zones with high climatic UV 
exposure, and the severity is correlated positively with the time of exposure (Fig.  2.9 ).  

 With time, the corneal opacifi cation increases, and deposits spread toward the 
center of the cornea. The advanced lesions are associated with localized haze. 
Sometimes the corneal changes coexist with the same conjunctival deposits. 
Spheroidal keratopathy is more frequent in males; it is bilateral and relatively innoc-
uous, although in some cases, visual impairment might occur. 

 Histologic examination showed extracellular protein deposits in the anterior cor-
neal stroma with elastotic degeneration. They are formed by UV-degraded protein 
materials that originated from the plasma through the limbal vessels. Progressively, 
such deposits slowly replace the Bowman’s membrane [ 47 – 50 ]. In patients with 
spheroidal degeneration, protection against ultraviolet damage with sunglasses is 
mandatory. In advanced forms with central involvement, the various grades of visual 
impairment might occur, requiring appropriate therapeutic options. In such cases, 
superfi cial keratectomy and PTK are recommended, and good clinical and visual 
outcome could be expected.  

  Fig. 2.8    Lipid keratopathy. 
(Archives Dr. 
A.M. Roszkowska)       
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2.4.5     Vortex Keratopathy 

 This corneal degeneration is also known as cornea verticillata. It is bilateral and 
characterized by the whitish-gray or golden-brown deposits that form a whorl-like 
pattern in the inferior hemicornea. Its typical clinical appearance makes it easily 
recognizable (Fig.  2.10 ).  

 Vortex keratopathy is a form of drug-induced lipidosis because it results from 
chronic prolonged systemic therapies with amiodarone, chloroquine, hydroxychlo-
roquine, indomethacin, and phenothiazine with deposition in the cornea of phos-
pholipids not metabolized by lysosomal phospholipases. The vortex keratopathy is 
also typical for a lipid storage disorder called Fabry disease caused by genetically 
determined enzymatic defi ciency. Corneal lipid depositions are localized in the 
basal epithelial cells [ 51 – 53 ]. Recent confocal investigation showed deeper stromal 
deposits in advanced forms, suggesting a higher toxicity than was thought until now 
in long-term treated patients [ 54 ]. Generally, no visual alterations are present. 
However, in the extended drug-induced keratopathy, some visual disturbance might 
occur, indicating a high toxicity. In such case, the modifi cation of systemic therapy 
could be considered. Vortex keratopathy is reversible and decreases when systemic 
therapy is switched or reduced.  

2.4.6     Pigment Deposition Keratopathies 

 These corneal degenerations consist of deposition of different pigmented substances 
in corneal layers. The most frequent are due to the epithelial iron deposits. Beyond 
the Hudson–Stahli line observed sporadically in normal corneas of aged individu-
als, the iron deposits are typically present in particular corneal conditions when the 
regular corneal profi le is modifi ed. This can be observed in the cases of pterygium, 

  Fig. 2.9    Spheroidal 
keratopathy, (Archives Prof. 
E. Wylegala)       
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keratoconus, previous corneal refractive surgery, corneal scars, and fi ltering blebs 
[ 55 ,  56 ]. In these conditions, the common fi nding is related to the high variation of 
corneal shape, and the deposits are localized typically in the zones where such 
changes occur. Corneal profi le variations generate alteration of the physiological 
lacrimal fi lm distribution that probably underlies this keratopathy. Histologically, 
the deposits are formed by intraepithelial hemosiderin in the basal cells. 

2.4.6.1     Pterygium 

 In the advanced forms, the iron deposits separate the advancing head of pterygium 
exactly where the corneal surface undergoes variations. In this case, the deposits 
form the so-called Stocker-Hali line [ 57 ].  

2.4.6.2     Keratoconus 

 In keratoconus, circular iron deposits surround the base of the cone where extreme 
variations of the corneal curvature could be detected, and they are commonly known 
as Fleischer ring [ 58 ,  59 ] (Fig.  2.11 ).   

2.4.6.3     Refractive Surgery 

 Central corneal iron deposits in corneal epithelium are a common side effect of 
corneal refractive surgery, both incisional and excimer laser (Fig.  2.12 ). Corneal 
refractive procedures change corneal curvature by inducing central fl attening or 
steepening. As previously mentioned, the important changes in corneal profi le, 
induce alteration in tear fi lm dynamics that promote epithelial deposition of iron. So 

  Fig. 2.10    Vortex keratopathy. 
(Archives Prof. E. Wylegala)       
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in eyes that have undergone hyperopic refractive corneal procedures with laser- 
induced excessive central corneal steepening pseudo-Fleischer ring, could be 
observed. In myopic correction, the iron lines could be appreciated in the central 
cornea where the surgically induced fl attening occurs [ 60 – 62 ].     

2.5     Conclusions 

 In this chapter, the main corneal degenerations were considered. Such corneal dis-
orders are not hereditary, have a late onset, and might be related to local or systemic 
diseases or can arise with aging. In the fi rst case, degenerations occur only in the 
affected eye, while in the last, the bilateral involvement is present. Some forms of 
degeneration might induce severe visual impairment, and appropriate therapy is 

  Fig. 2.11    Fleischer’s ring in 
keratoconus. (Archives Prof. 
E. Wylegala)       

  Fig. 2.12    Central corneal 
iron deposits in eye with 
previous radial keratotomy . 
(Archives Dr. 
A.M. Roszkowska)       
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necessary to recovery and maintenance of visual acuity. Therapy is aimed to resolve 
the underlying disorder fi rst and only successively to treat the corneal changes. The 
age-related degenerations are bilateral, usually innocuous for visual capacity. 
Correct diagnosis is mandatory for therapeutic choice and the effi cacy of clinical 
outcomes.     
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    Chapter 3   
 Corneal Epithelial Nuclear Ferritin and Its 
Transporter Ferritoid Afford Unique 
Protection to DNA from UV Light 
and Reactive Oxygen Species 

             Thomas     F.     Linsenmayer      ,     Kelly     E.     Beazley  ,       Cindy     X.     Cai  ,       James     P.     Canner  ,       
John     M.     Fitch  ,       James     K.     Kubilus    ,     John     M.     Millholland  ,       Maria     Nurminskaya  ,      
Christopher     Talbot    , and     Naomi     B.     Zak     

3.1             Introduction 

    Ultraviolet (UV) light constitutes a major environmental hazard to all exposed 
 tissues of the body, including the cornea. UV light can damage a wide variety of 
macromolecules ranging from DNA to proteins and lipids. This damage can result 
directly from the radiation itself, or it can be indirect through the radiation-mediated 
generation of reactive oxygen species (ROS). The resulting cellular changes can be 
severe. In skin, for example, UV-induced damage to DNA is thought to be a major 
factor in the increasing incidence of epidermal cancers—if not the major one [ 23 ]. 
However, cells of the corneal epithelium (CE) seem to be refractory to such damage, 
as primary cancers of these cells are extraordinarily rare—even though this tissue is 
transparent and is constantly exposed to ROS-generating UV light and O 2  [ 44 ]. This 
suggests that CE cells have evolved defense mechanisms that prevent damage to 
their DNA. Studies in our laboratory suggest that one such mechanism involves 
having the iron-sequestering molecule ferritin in a nuclear localization—rather than 
the cytoplasmic location it typically has in other cell types [ 11 ]. As will be dis-
cussed, this seems to greatly diminish the damage of UV-generated ROS to DNA—
and possibly other nuclear components—most likely by sequestering free iron and 
thus inhibiting the Fenton reaction (Fig.  3.1 ). So, in this way it serves a unique 
protective function for CE cells.  

 Numerous studies have shown that DNA is a major target of UV-induced cellular 
damage. Damage to DNA can be direct, involving for example, DNA strand 
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 breakage and DNA–protein cross-linking. Or, it can be indirect, resulting from 
UV-induced formation of ROS, which, in turn, cause damage to DNA through alter-
ations in the bases and deoxyribose moieties, strand breaks, and DNA cross-linking 
[ 21 ]. These changes can be mutagenic and carcinogenic [ 13 ]. ROS can also damage 
lipids and proteins. Thus, cells have evolved protective mechanisms against such 
oxidative damage [ 2 ] A growing body of evidence suggests that the ferritin-mediated 
sequestration of iron is one of these [ 3 ]—and that other iron-binding proteins, such 
as lactoferrin, can function similarly [ 42 ].  

3.2     Free Iron and UV-Induced Damage to DNA 

 The deleterious effects of UV-induced ROS are greatly exacerbated by free iron, 
which catalyzes the Fenton reaction [ 46 ]. In the Fenton reaction (Fig.  3.1 ) Fe 2+  cata-
lyzes the conversion of hydrogen peroxide (H 2 O 2 ) and superoxide (O  2  −  ) to the 
hydroxyl radical (OH · )—which, although acting over a short distance, is the most 
active ROS [ 28 ]. The Fenton reaction has been shown to increase H 2 O 2 -produced 
DNA breaks in preparations of nuclei [ 35 , 36 ] and rat hepatocytes [ 43 ]. At least part 
of the Fenton-reaction-mediated damage to nuclear DNA results from the presence 
of free iron in the nucleus [ 37 ]. The function of iron in the nucleus is unknown; 
however, its deleterious effects on DNA have been demonstrated [ 37 ]. It has also 
been determined that free iron can bind to specifi c sites on DNA and that this can 
generate Fenton-reaction-derived OH-radicals which specifi cally cleave the DNA at 
these sites [ 25 , 27 , 32 ]. 

 Thus, we hypothesize that it is important to keep free iron in the nucleus at a low 
level—especially true for CE cells which are constantly exposed to environmental 

  Fig. 3.1    In our model for the protection of the DNA of CE cells from UV-induced damage the 
ROS, here H 2 O 2,  is produced by UV light. If free iron is present, this catalyzes the formation of 
hydroxyl radicals (OH · ) by the Fenton reaction. And these hydroxyl radicals, being the most ener-
getic ROS can damage DNA. If, however, nuclear ferritin is present to block the Fenton reaction, 
such damage will be prevented       
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ROS-generating UV light and O 2 . Our studies suggest that one mechanism through 
which this is achieved is by having ferritin in the nucleus where it would be most 
effective in sequestering free iron.  

3.3     Cytoplasmic Ferritin 

 Cytoplasmic ferritin has been extensively characterized. It is a highly conserved 
protein composed of 24 subunits (Fig.  3.2 ) with an aggregate molecular weight of 
>450 kD. It has a central core that can sequester as many as 4,500 molecules of iron 
in the ferric state. Each ferritin subunit (Fig.  3.2 ) has a molecular weight of ~19 kD 
and is comprised of fi ve α-helices connected by loops of varying lengths [ 22 ]. In 
most mammalian species ferritin has heavy (H) and light (L) chain subunits, 
however, in the chicken, the species we have utilized for our work, only the H-chain 
has been detected—suggesting that the molecule is homopolymeric.  

 A number of the characteristics of the cytoplasmic ferritin molecule have been 
elucidated. This includes its supramolecular assembly, which involves interactions of 
the ferritin subunits, through specifi c molecular regions and sites in their primary 
sequence. To generate this complex, individual ferritin subunits associate with one 
another through interactions of their helical domains—which is a concept that is part 
of our proposed mechanism for the nuclear transport of ferritin (described later). 

 Assembly starts with the formation of dimers and ends as the 24-mer complex 
[ 29 ]. Functionally, molecular assembly is required for the importation of free iron 

  Fig. 3.2    Ferritin is a ubiquitous iron-storage molecule that is capable of sequestering up to 4,500 
atoms of iron in its core. Ferritin subunits are comprised of fi ve helical domains, and the “typical” 
ferritin molecule is a supramolecular complex comprised of 24 of these subunits       
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and its sequestration within the core of the molecule—which removes free iron 
from participation in the generation of Fenton reaction-derived OH .  radicals 
(Fig.  3.1 ) [ 17 ].  

3.4     The Nuclear Ferritin of Corneal Epithelial Cells 

 In most cells ferritin is cytoplasmic—presumably due to the large size of the assem-
bled molecule preventing its passive diffusion into the nucleus. However, our stud-
ies show that in avian CE cells, the ferritin is largely nuclear. 1  

 The initial observation suggesting the possibility of ferritin being a nuclear com-
ponent of CE cells arose serendipitously while screening—by IHC—a “whole- 
corneal” monoclonal antibody library for antibodies of potential interest for studying 
corneal development [ 49 ]. One of these antibodies (6D11), when tested on sections 
of anterior eyes, showed staining only of the CE. And subsequent, more extensive 
and detailed analyses using this antibody [ 10 ] showed its IHC staining to be local-
ized exclusively to the nuclei of the CE cells (Figs.  3.3  and  3.12 ). Also, when this 
antibody was used to immunoscreen a cDNA expression library—constructed with 
cDNAs from chicken CE tissue—all of the positive clones had inserts whose 
sequence was “typical” cytoplasmic ferritin.  

 Thus, avian CE cells have nuclear ferritin, and this is a “typical ferritin”, so it is 
not a different isoform that is modifi ed to undergo nuclear transport. Instead, there 
is considerable evidence that CE cells have a tissue-specifi c nuclear transporter that 
associates with ferritin and carriers it into the nucleus. This transporter has been 
termed ferritoid—for its similarities to a ferritin subunit [ 38 ] and described later. In 
addition, evidence will be presented that following their nuclear transport, ferritin 
and ferritoid remain associated with one another as a unique, heteropolymeric 
complex(es) that has characteristics that differentiate it from all other known verte-
brate ferritins [ 39 ].  

3.5     The Role of Nuclear Ferritin in Protecting CE Cell DNA 
from Damage by UV Radiation 

 Based on the model presented in Fig.  3.1 , studies were initiated to determine 
whether nuclear ferritin might be involved in preventing the DNA of CE cells from 
UV damage. 

1   However, these in vitro studies also showed that ferritoid undergoes upregulation at the transla-
tional level—as the stimulation of mRNA synthesis, in itself, does not account quantitatively for 
the magnitude of the increase in ferritoid protein. Thus, for ferritoid it seems that following syn-
thesis of its RNA, translational upregulation regulation also becomes important. (For a more 
detailed discussion of this see [ 6 ]). 
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 One approach was to UV-irradiate primary cultures of CE cells, and then evaluating 
the extent of strand breakage of their nuclear DNA—using fl uorescence 3′-in situ- end 
labeling  (ISEL) (as can be seen in Fig.  3.4 ). 2   

 This assay was used in a number of studies (e.g., [ 11 ], and reviewed in [ 30 ]). 
One study compared the relative effects of UV-induced damage to CE cells (with 
their nuclear ferritin)—versus cell types that do not have nuclear ferritin (e.g., cor-
neal fi broblasts, and epidermal and dermal cells). Of these cell types, CE cells were 
by far the most resistant to DNA damage. Then, it was determined whether preven-
tion of iron-mediated damage was involved—implicating the Fenton reaction. If 
so, the UV-induced damage should be exacerbated by elevated iron in the cell types 
without nuclear ferritin, but CE, with their normal elevated iron CE cells should be 
refractory to elevated iron. To test this, the effect of elevated iron on UV-induced 
damage was examined for CE cells versus corneal fi broblasts. For this, both types 
of cells were cultured in medium with the normal concentration of iron (normal- 
iron medium) versus medium in which the concentration of iron was elevated 
(high- iron medium). Then, the cells were irradiated and the damage was accessed 
by ISEL. In high-iron medium, the irradiated fi broblasts showed a large increase in 

  Fig. 3.3    ( a ) Fluorescence IHC for ferritin on a section of mature, embryonic cornea. The CE is 
labeled “e”, the stroma is labeled “s”. The inset shows a higher magnifi cation of the CE. The only 
detectible antibody staining is within the CE cell nuclei. There it is distributed throughout—except 
for the nucleoli (see inset). ( b ) Hoechst dye that identifi es nuclei. This research was originally 
published in the Journal of Biological Chemistry; Cai CX, Birk DE, Linsenmayer TF. Ferritin Is a 
Developmentally Regulated Nuclear Protein of Avian Corneal Epithelial Cells. 1997;272(19):12831–
12839, © The American Society for Biochemistry and Molecular Biology       

2   As primary cultures of pre-ferritin stage CE cells sometimes do not provide suffi cient material for 
certain types of analyses, whole corneal organ cultures were employed (i.e., corneas fl oating in 
medium). The behavior of the CE of such corneas was identical to that of CE cells in primary 
culture, and the quantities of CE harvested from such cultured corneas [using treatment with the 
enzyme Dispase [ 45 ] easily provides suffi cient CE tissue for assays most assays (e.g., qRT-PCR, 
protein determinations, and microarrays. 
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damage to their DNA. However, for the CE cells increasing the iron produced little 
increase, if any, over their normal low level of damage. 

 These results are consistent with the CE cells having a mechanism(s) that pre-
vents Fenton-reaction-mediated damage. They are also consistent with this mecha-
nism involving ferritin in a nuclear location, as the nuclear ferritin of the CE cells 
was able to prevent UV-induced DNA damage—even in elevated iron—but the 
cytoplasmic ferritin of the fi broblasts did not confer protection. 

 Then to test directly whether the nuclear ferritin is responsible for preventing the 
UV-induced damage, experiments were performed in which the nuclear ferritin 
itself was manipulated. These experiments were based on the observations that pre- 
ferritin stage embryonic CE cells, when placed in culture, will initiate (precociously) 
the production of nuclear ferritin. However, if the iron chelator deferoxamine (DFX) 
is included in the medium, the initiation of ferritin synthesis is blocked (shown in 
detail in Fig.  3.15 ). Consistent with this nuclear ferritin being responsible for con-
ferring protection, when the cultures with nuclear ferritin were irradiated (Fig.  3.4 , 
ferritin+) the only cells showing an ISEL signal were occasional small rounded cells 
that were most likely naturally occurring, apoptotic cells—as these were also seen 
in un-irradiated cultures. However, in the cultures in which the nuclear synthesis 
was blocked (Fig.  3.4 , ferritin − ) most cells showed strong ISEL signals. 

  Fig. 3.4    All of our results are consistent with the nuclear ferritin of CE cells being protective 
against damage from UV irradiation and H 2 O 2 . In the experiment shown here, when CE cells are 
cultured in the presence of the iron chelator DFX (a, b), which prevents their synthesis of ferritin 
(ferritin − ), and then are treated with UV light, extensive damage occurs (as determined by ISEL) 
when compared to cells with normal ferritin synthesis (c, d; ferritin+). Modifi ed from [ 11 ]          
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 A modifi cation of this experimental approach is based on the observation that 
the DFX blockage of nuclear ferritin synthesis can be reversed by replacing the 
DFX- containing medium with iron-containing medium (without DFX) (shown in 
Fig.  3.16 ). In addition, during the recovery from DFX there is a “window in time” 
in which some cells have initiated the production of nuclear ferritin, whereas others 
have not. Thus, irradiating cultures during this period makes it possible, in the 
same culture, to compare UV-induced damage to cells that have nuclear ferritin 
with ones that do not (data not presented, but see [ 11 ] and the review by Linsenmayer 
et al. [ 30 ]. Again, the cells that had nuclear ferritin (identifi ed by IHC) showed 
little damage (by ISEL), and those that lacked nuclear ferritin showed damage. 
Also in the small population of cells that exhibited signals for both nuclear ferritin 
and damage to DNA, the ones with the least ferritin showed the most damage to 
DNA, and vice versa. 

3.5.1     Protection from Damage by Reactive Oxygen 
Species (ROS)  

 If the protection afforded by CE nuclear ferritin involves the prevention of Fenton 
reaction-derived OH .  radicals, protection should also be conferred against damage 
by ROS (e.g., H 2 O 2 ) (as diagrammed in Fig.  3.1 ). So this was examined [ 9 ]. 

 Similar to the UV-induced damage to DNA, the damage induced by H 2 O 2  (deter-
mined by ISEL) was concentration and time-dependent. Of the four cell types tested 
(CE cells, corneal stromal cells, epidermal cells, and dermal cells), at all concentra-
tions of H 2 O 2 , CE cells by far had the least damage. Also, CE cells showed a delayed 
temporal response to the appearance of damage, as compared to the other cell types. 

 And again, a protective role for nuclear ferritin was observed when DFX was 
used to inhibit the appearance of nuclear ferritin—followed by exposure to H 2 O 2 . 
Also consistent with the protection being effected through iron sequestration, for 
CE cells elevating iron in the medium did not increase damage by H 2 O 2 , whereas for 
epidermal cells it did. 

 It is also known that CE cells have other mechanisms that potentially may 
afford protection from oxidative damage—such as enzymatic scavenge path-
ways that exist for degrading H 2 O 2  (e.g., catalase and glutathione peroxidase). 
So, in these studies it was also determined whether the protection afforded by 
nuclear ferritin is independent of these scavenge pathways. For these studies, 
the uptake and clearance of H 2 O 2  was determined in CE cells versus several 
other cell types. This involved Fluorescence Activated Cell Sorting of cells that 
had been pre-labeled with an H 2 O 2 -sensitive dye and then were exposed to H 2 O 2 . 
Of the cell types examined, CE cells not only showed the highest uptake of the 
H 2 O 2 , but also the most rapid clearance. This clearance was most likely due to 
catalase and/or glutathione peroxidase—which is consistent with CE cells hav-
ing scavenger enzymes that may have a role in protection against oxidative 
damage [ 12 , 19 , 34 ]. 
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 However, when H 2 O 2 -mediated damage was evaluated in the presence and 
absence of inhibitors of catalase and glutathione peroxidase there was no detectible 
difference in the damage to DNA. Thus, the protection afforded by nuclear ferritin 
is independent of cytoplasmic detoxifying enzymes.   

3.6     Ferritoid: The Nuclear Transporter for CE Cell Ferritin 

3.6.1     Isolation of a cDNA for Ferritoid and its Tissue 
Specifi city 

 Ferritoid was initially detected as a “ferritin-like” component in a cDNA library of 
restriction enzyme-fragments of “up-regulated” corneal genes—using the subtrac-
tive hybridization procedure of [ 48 ]. 

 As it was known from studies by others [ 18 , 41 ] that ferritin subunits associate 
with one another during the self-assembly of a supramolecular ferritin complex, 
we pursued the possibility that this clone might encode part of a ferritin-binding 
domain of the hypothesized nuclear transporter. If so, the encoded molecule 
should be specifi c for the CE—which was the next property that was examined 
and confi rmed—both by in situ hybridization (Fig.  3.5a, b ) and by IHC (Fig.  3.5c ) 
using a ferritoid antibody.  

  Fig. 3.5    If the tissue specifi city of the nuclear ferritin transport is due to ferritoid, then ferritoid 
itself should be tissue-specifi c. As can be see in this fi gure, at both the mRNA and protein levels, 
ferritoid is specifi c for the CE. In ( a ) the in situ signal for ferritoid ( purple ) is found only in the 
CE—ending at the corneal-scleral junction ( asterisks ).  b  is a light micrograph of  a  and shows that 
the black regions in  a  and  b  are pigmented epithelia. The top right panel is IHC for ferritoid protein 
( red ), and the bottom right panel is stained with Hoescht ( blue ). This research was originally pub-
lished in the Journal of Biological Chemistry. John M. Millholland, John M. Fitch, Cindy X. Cai, 
Eileen P. Gibney, Kelly E. Beazley and Thomas F. Linsenmayer. Ferritoid, a Tissue-specifi c 
Nuclear Transport Protein for Ferritin in Corneal Epithelial Cells. 1997;278:23963–23970. © The 
American Society for Biochemistry and Molecular Biology       
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 To obtain a full-length ferritoid cDNA, ferritin-like restriction-fragment clones 
from the subtracted library were used to screen another cDNA library, constructed 
using much longer cDNAs from chicken CE tissue. This screening identifi ed other 
clones. The largest—diagrammed in Fig.  3.6 —is likely to be full-length as it con-
tains an uninterrupted reading frame (ORF) fl anked by a 5′ consensus translation 
start site and a 3′ poly-A tail. Also, its conceptual translation product (shown in 
Fig.  3.6 ) contains two regions that fi t with its proposed role as the nuclear trans-
porter for ferritin.  

 The fi rst of these regions—which we propose is involved in the interaction/bind-
ing between ferritoid–ferritin—is “ferritin-like”. Consistent with this possibility, its 
conceptual amino acid sequence has 55 % similarity to ferritin, and it has most of 
the amino acids that studies by others [ 24 ] have shown in ferritin to be involved in 
the assembly of the supramolecular ferritin complex. Also, computer modeling 
[ 1 , 40 ] confi rmed this region to have all fi ve helical domains that are characteristic 
of a ferritin subunit (Fig.  3.6 ). 

 However, in ferritoid these helical domains are unique, as they are comprised of 
alternating short amino acid sequences that are highly conserved between ferritoid 
and ferritin (in Fig.  3.6  highlighted in yellow), and intervening among these 
sequences are equally short ones that have no similarity. The unique nature of this 
arrangement was extended by 3-D structural modeling (Fig.  3.7 ), in which the 
sequence of the ORF of ferritoid was inserted into the sequence of the known crystal 
structure of the H-chain subunit of human ferritin. This showed in ferritoid that the 
short “ferritin-like” amino acid sequences (shown in red in Fig.  3.7 ) are not distrib-
uted randomly along the lengths of the helices. Instead they are located preferen-
tially along the outer surface of the helical domains—where we propose they 
interact with/bind to a ferritin subunit.  

  Fig. 3.6    The predicted structure of ferritoid includes: (1) a “ferritin-like” region that consists of 
all fi ve helical domains of a ferritin, (2) a nuclear localization signal (NLS), and (3), 5′ and 3′ 
untranslated regions (UTR). Also shown in this fi gure is a conceptual amino acid sequence of a 
portion of one of the helical domains of ferritoid (FTD), and its comparison to the corresponding 
sequence in ferritin (FTN). The amino acids that are conserved between FTD and FTN are high-
lighted in  yellow . From [ 38 ]       

 

3 Corneal Epithelial Nuclear Ferritin and Its Transporter Ferritoid Afford Unique…



48

 The second functional region—which is located just upstream of the ferritin-like 
region—contains a consensus SV40-like nuclear localization signal (Fig.  3.6 , NLS) 
that experimental evidence shows is necessary for the nuclear transport of both fer-
ritoid and ferritin (described next).  

  Fig. 3.7    In this fi gure, the crystal structure is of human ferritin-H is shown in four different planes. 
Into this structure, the deduced amino acid sequence of ferritoid has been superimposed. Also the 
amino acids of ferritoid that are conserved with those of ferritin are colored red, and the dissimilar 
amino acids are colored blue. As can be seen, in ferritoid, the conserved amino acids are preferen-
tially located along the outer faces of the helices—where they would be available for interactions 
with ferritin. This research was originally published in the Journal of Biological Chemistry. John 
M. Millholland, John M. Fitch, Cindy X. Cai, Eileen P. Gibney, Kelly E. Beazley and Thomas 
F. Linsenmayer. Ferritoid, a Tissue-specifi c Nuclear Transport Protein for Ferritin in Corneal 
Epithelial Cells. 1997;278:23963–23970. © The American Society for Biochemistry and Molecular 
Biology       
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3.6.2     Functional Analysis of the Nuclear Transport 
of Ferritin by Ferritoid 

 To examine functionally whether ferritoid can transport ferritin into the nucleus, 
co-transfections were performed with epitope-tagged constructs for ferritoid 
(V5-tagged) and ferritin (myc-tagged) and the results were analyzed by double- 
labeled fl uorescence IHC for the epitope tags. 3  For these experiments, Cos-1 cells 
were used, as this is a cell type that had been used previously for transfection studies 
of ferritin [ 15 ]. In co-cultures transfected with full-length constructs for ferritin and 
ferritoid, in the cells that have both molecules, they are both exclusively nuclear 
[Fig.  3.8 , NLS(+)]. Consistent with the NLS of ferritoid being functional and 
required, when the co-transfections were performed with the ferritoid deletion con-
struct from which the NLS had been removed [Fig.  3.8 , NLS( − )], the ferritin and 
ferritoid are distributed uniformly throughout the cell. 4   

 Then, to examine directly the association between ferritoid and ferritin, two 
approaches were employed. One was co-immunoprecipitation, and the other was a 
yeast two-hybrid binding assay. 

 The co-immunoprecipitations were performed on lysates of CE cells that had 
been co-transfected with epitope-tagged, full-length constructs for ferritoid (V5) 
and ferritin (myc). Then, the immunoprecipitates were analyzed by immunopre-
cipitation with antibodies for the epitope tags. The results showed that immuno-
precipitates with either antibody contained both ferritoid and ferritin. Thus, 
ferritin and ferritoid associate with one another with an affi nity strong enough to 
undergo co-immunoprecipitation. 

 For the yeast two-hybrid assays, the system employed not only shows qualita-
tively whether components interact with one another—as determined by the 
 activation of a gene that is required for growth of a reporter yeast strain—it also 
provides quantitative information on relative strengths of these interactions. This 
latter parameter is based on the studies of [ 7 ] which showed that the stronger the 
interaction between two components, the greater the “relative plating effi ciency” 
(RPE)—with RPE being defi ned as the number of colonies formed on medium that 
requires the interaction for growth, versus the number of colonies formed by a strain 
that grows constitutively. 

3   The CAM is comprised of all the extraembryonic membranes of the developing embryo. It 
supports the full-range development of an explanted cornea—even if the explants are from 
early stage embryos [ 50 ]. 
4   In these studies, another potentially interesting observation concerns the cellular relationship 
between ferritoid and cytokeratin K3 (a marker for CE cell differentiation). In the central cornea—
where all the CE cells are mature—ferritoid and K3 are both found in all cells. However, at the 
periphery, where the CE cells are undergoing their initial differentiation, ferritoid is present in 
basal CE cells that are not yet synthesizing detectible K3. Thus, the synthesis of ferritoid may 
represent an early event in the differentiation of CE cells. In addition, this observation reinforces 
the potential importance of ferritoid in the protection of the DNA of cells from damage—espe-
cially if the cells that have ferritoid, but no K3, are CE stem cells. 
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 For the ferritoid–ferritin analyses, the RPE used for normalization was the 
homopolymeric ferritin–ferritin interaction that occurs during assembly of a ferri-
tin supramolecular complex. This was assigned a value of 100 % (Fig.  3.9 ). Then, 
the heteropolymeric ferritoid–ferritin interactions were evaluated, which gave an 
RPE of ~70 %. This result confi rmed that ferritoid and ferritin interact with one 
another, and it also suggested that this heteropolymeric interaction is somewhat 
weaker than that which occurs between ferritin monomers. However, this hetero-
polymeric interaction is strong enough to produce complexes that within the nuclei 
of CE cells in situ are stable (as described next).   

  Fig. 3.8    COS-1 cells were co-transfected with a construct for ferritin, and constructs for ferritoid 
that are either full-length [with an intact NLS(+)] or ones from which the NLS has been deleted 
[NLS( − )]. The cells were analyzed by double-label IHC for ferritin ( red ) and ferritoid ( green ). 
Hoechst dye is also shown ( blue ). When the ferritin is co-transfected with the full-length ferritoid 
construct (NLS+), both ferritin and ferritoid are co-localized within the nucleus (arrows). When 
the co-transfections are done with the ferritoid construct that lacks the NLS( − ) the ferritoid and 
ferritin are distributed uniformly throughout the cell. Modifi ed from research originally published 
in the Journal of Biological Chemistry. John M. Millholland, John M. Fitch, Cindy X. Cai, Eileen 
P. Gibney, Kelly E. Beazley and Thomas F. Linsenmayer. Ferritoid, a Tissue-specifi c Nuclear 
Transport Protein for Ferritin in Corneal Epithelial Cells. 1997;278:23963–23970. © The American 
Society for Biochemistry and Molecular Biology       
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3.6.3     CE Nuclear Ferritin: A Stable Heteropolymeric 
Ferritin–Ferritoid Complex with Unique Properties 

 The studies already presented show that (1) ferritin and ferritoid interact with one 
another, and (2) this interaction is required for the nuclear transport of ferritin. 
However, these observations raised a number of additional questions concerning the 
ferritin and ferritoid that are present within CE cells in situ: including (1) the type(s) 
of complexes that are formed between these two components, (2) the subcellular 
localization(s) of these complexes, and (3) whether the complexes are transient—
being present only during the transport process—or whether, once formed they 
remain as stable complexes. Also, if the complex(es) are stable, do they have unique 
characteristics/properties that distinguish them from other ferritin complexes? 
Certain of these questions have now been addressed.  

3.6.4     Size(s) of the Ferritin–Ferritoid Complex(es) 

 For an initial characterization of the endogenous ferritin–ferritoid complexes of CE 
cells, extracts of CE tissue (from mature embryos) were fractionated by FPLC size- 
exclusion chromatography, followed by identifi cation of the ferritoid and ferritin by 
Western blot. 5  Using this approach, the fractions with ferritoid (FTD) eluted as a 

5   By the time these analyses were undertaken, we had an anti-ferritoid antibody [ 6 ]. 

  Fig. 3.9    The relative plating effi ciencies (RPEs) of a yeast two-hybrid assay in which of ferritoid–
ferritin interactions (ftd–ftn) are compared to ferritin–ferritin interactions (ftn–ftn; which are 
assigned a value of 100 %) shows that the ferritoid–ferritin interaction is slightly weaker—giving 
an RPE of ~70 %. In this assay, neither the ferritoid nor the ferritin, when inserted singly into the 
activation domain-containing vector, showed detectible growth       
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single peak (Fig.  3.10b ), which by comparison with molecular weight markers 
(Fig.  3.10a ), had a median molecular weight ~260 kDa (fraction #8). This is approx-
imately half the size of a “typical” ferritin which has a molecular weight of ~470 kDa 
and is a 24-mer. Considerably lesser amounts of ferritoid were present in the highest 
molecular weight fractions (indicative of a “typical” 24-mer ferritin) and in lower 
molecular weight fractions that most likely are precursors of the higher molecular 
weight complexes (~50–100 kDa).  

 Western blot with the ferritin antibody (Fig.  3.10b , FTN) showed that the 
~260 kDa peak also contained most of the ferritin, and immunoprecipitation of the 
fractions with this antibody (Fig.  3.10c ) brought down both ferritin and ferritoid, 
showing that both components are co-assembled with one another. 

 To analyze further the subcellular distributions of the ferritin–ferritoid com-
plexes, nuclear-cytoplasmic fractionation of CE was performed, and the extracts 
were analyzed as just described. The results (not presented) showed that both the 
nuclear and cytoplasmic compartments contained ferritin–ferritoid, complexes. 

  Fig. 3.10    Analyses of CE cell lysates enriched for ferritin and ferritoid—by a heat treatment—and 
then fractionated by gel fi ltration chromatography. ( a ) A profi le of the molecular weight markers. 
Fractions were collected ( b ) and analyzed by Western blot for ferritoid (FTD) and ferritin (FTN), 
and by co-immunoprecipitation followed by immunoblot ( c ). Modifi ed from [ 39 ]       
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However, the nuclear complex(es) were the 260 kDa form, and the cytoplasmic 
complexes were predominantly the ~470 kDa form. 

 Taken together, these results suggest that the CE cell “nuclear ferritin” is a stable, 
heteropolymeric ferritin–ferritoid complex that is half the size of a “typical” cyto-
plasmic ferritin (most likely a dodecamer). Thus, ferritoid serves not only as the 
nuclear transporter for ferritin, but once in the nucleus, it remains a component of a 
unique supramolecular complex.  

3.6.5     Similarities of the CE Nuclear Ferritin–Ferritoid 
Complexes to the Bacterial DNA-Binding Proteins 
of Starvation (Dps) 

 To our knowledge, it is unique for a eukaryotic ferritin to be the size of the CE 
nuclear ferritin–ferritoid. However, certain bacteria have “ferritin-like molecules” 
that, by a number of criteria, are half the size of a “typical” ferritin (i.e., they are 
dodecamers). These bacterial proteins—termed the DNA-binding proteins of star-
vation (Dps)—bind to the DNA of environmentally stressed bacteria, which is 
thought to be one way they prevent damage to their DNA [ 33 ]. In addition, the Dps 
are low in iron—containing only 5–10 atoms per supramolecular complex, but they 
have the capability of incorporating up to 500 atoms of iron per complex [ 47 ]—
which may make them especially effi cient in sequestering iron and contributing to 
the prevention of oxidative damage. 

 In addition, studies by others [ 26 , 27 ] have shown that iron can bind to DNA with 
high affi nity, and that this iron can catalyze the oxidative cleavage of DNA (through 
the Fenton reaction). 

 Therefore, we examined whether the CE nuclear ferritin–ferritoid complexes 
might also bind to nuclear DNA, where they could directly protect it from damage. 
And, we also examined whether these complexes were inherently of low iron—
which might facilitate their ability to sequester free iron. 

 To determine whether CE ferritin–ferritoid complexes bind DNA, an electropho-
retic mobility shift assay (EMSA) was employed—using as a source of DNA a mix-
ture of double-stranded, random 23-mers. The results showed a shifted band only with 
the 260 kDa ferritin–ferritoid complexes, and none with either the larger ~470 kDa 
cytoplasmic complexes, or the lower molecular weight ones. Therefore, DNA binding 
seems to be another property of the nuclear ferritin–ferritoid complexes. 

 For iron, we have not yet tested directly the sequestering capacity of the CE 
nuclear ferritin–ferritoid complexes. However, two observations suggest that com-
pared to the cytoplasmic ferritin of other tissues, the nuclear ferritin complexes are 
low in iron. First, when tissue sections were examined histochemically for iron 
(using Prussian Blue staining), a time when nuclear ferritin was present at high 
levels (as determined by IHC), none was detectible in the CE. However, in liver 
and heart, iron was clearly detectible (by Prussian Blue), even though the IHC 
signal for ferritin was weak. Second, when the FPLC column fractions of the CE 
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ferritin–ferritoid complexes were assayed for iron (using the ferrozine method), 
none was detectible in the 260 kDa nuclear complexes, but it was present in the 
~470 kDa, cytoplasmic ferritin.   

3.7     Developmental Analyses of Ferritin and Ferritoid 

3.7.1     Ferritin and Ferritoid mRNAs During Development 

 Previous studies [ 10 ] suggested that during development, the production of CE 
nuclear ferritin is effected chiefl y at the translational level—as ferritin mRNA 
(detected by Northern blot) is present as early as E6. However, the protein is not 
detected until approximately 5 days later. These results for the mRNA have been 
confi rmed by qRT-PCR. They have also been extended to include ferritoid mRNA—
which is predominantly under transcriptional control (Fig.  3.11 ) as the mRNA is not 
detectible until the protein also becomes detectible (~E10.5). Then, over the next 
several days ferritin mRNA undergoes a modest, progressive increase (of ~fi vefold), 
while ferritoid mRNA increases several hundred fold (Fig.  3.11 ). Thus, the produc-
tion of these two closely related family members—whose functions depend on the 
presence of each other—are controlled largely by different mechanisms.   

  Fig. 3.11    The relative 
concentrations of ferritoid and 
ferritin mRNA in the CE of 
developing embryos—
determined by qRT-PCR at 
2-day intervals—are shown 
between E6 and E14. From [ 6 ]       
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3.7.2     Ferritin and Ferritoid Proteins During Development 

 To elucidate the developmental relationships between ferritin and ferritoid proteins, 
single and double-label IHC was performed using the anti-ferritin monoclonal anti-
body and a newly produced anti-ferritoid antibody which was made against a 
peptide sequence in ferritoid that shares little homology with ferritin [ 6 ]. 

 In initial analyses, these antibodies were used for doubling labeling analyses 
on sections of fully differentiated CE cells in the central cornea of late-stage 
embryos. An example of this staining can be seen in Fig.  3.12 , in which both the 
ferritoid staining (red), and the ferritin staining (green) are found exclusively in 
the nuclei of CE cells—as verifi ed by comparison with Hoechst staining. In 
addition, the merged images (yellow) showed that all cells with nuclear ferritin 

  Fig. 3.12    Double-labeling of 
a mature (E15) chicken 
cornea with the ferritoid 
antibody ( red ) and the ferritin 
antibody ( green ) show their 
colocalization in merged 
images ( yellow ) within the 
nuclei ( stained blue  with 
Hoechst) of the CE cells. 
From [ 6 ]       
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also had nuclear ferritoid—which again is consistent with ferritoid being the 
nuclear transporter in vivo.  

 In previous developmental studies on CE cell ferritin—which employed single- 
label IHC (as no ferritoid antibody was yet available)—when ferritin became 
detectible it was always nuclear. This suggested that either: (1) ferritoid was already 
present at the time the synthesis of ferritin was initiated, or (2) that the syntheses of 
ferritin and ferritoid occur concomitantly. 

 By the time these studies were undertaken a ferritoid antibody was available. So 
by IHC, we were able to distinguish between these possibilities. We were also able 
to uncover other relationships between ferritin and ferritoid that became apparent 
during these analyses. 

 First, the appearance of these two proteins was examined—by IHC performed at 
closely spaced, temporal intervals [ 6 ]. The results showed that ferritoid becomes 
detectible at E10.75—approximately six hours earlier than ferritin, which is not 
detected until E11. 

 In these analyses, another observation that is relevant in elucidating the mecha-
nisms involved in nuclear transport is that when ferritoid is fi rst detected (i.e., in the 
absence of ferritin), it is cytoplasmic rather than nuclear. This can be seen in 
Fig.  3.13  (E10.75)—especially in the merged image of ferritoid with Hoechst dye, 
and in the associated insert. However, at E12 (not included here), when both ferritin 
and ferritoid are present, the staining for ferritoid is now nuclear—co-localizing 

  Fig. 3.13    Confocal IHC for ferritoid ( red ) in the CE at E10.75 before the initiation of ferritin 
synthesis shows ferritoid in a cytoplasmic, perinuclear rather than nuclear localization. IHC for 
ferritoid at E12, when both ferritoid and ferritin are being synthesized shows ferritoid in the 
nucleus. Comparison of the insets in the merged images at E10.75 and E12 suggests that ferritin 
must be present for the nuclear transport function of ferritoid to be active. Scale bar in bottom right 
panel = 10 μm. From [ 6 ]       
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with the Hoechst dye (as can be seen in the merged image and insert). These obser-
vations suggest that the nuclear transport activity of ferritoid, to be functional, 
requires an interaction with ferritin.  

 In the cornea of mature embryos, a similar sequence of events for the appearance 
of ferritoid and ferritin occurs in the peripheral CE (Fig.  3.14 ). This a region where 
CE cells continuously undergo progressive differentiation—starting as stem cells 
(in the limbus, and then migrating centripetally into the CE, where they continu-
ously undergo differentiation [ 16 ]. In this region, for ferritoid and ferritin, their is a 
progression that consists of: (1) the cells at the extreme periphery having ferritoid 
that is cytoplasmic, and little if any ferritin (Fig.  3.14d ); (2) a centripetal progres-
sion in which the cells acquire the synthesis of ferritin, but both the ferritoid nor 
ferritin are exclusively cytoplasmic (Fig.  3.14e ), and eventually (3), the cells have 
ferritoid and ferritin—both of which are nuclear (Fig.  3.14f ). The one notable dif-
ference in this progression—versus that which occurs during early development—is 
the stage in which cells have both ferritoid and ferritin, but neither has undergone 
nuclear transport.  

 Thus, while nuclear ferritin requires that a CE cell has both ferritoid and ferritin, 
this is not suffi cient per se to initiate nuclear transport. Instead, at least one addi-
tional regulatory step is required; as described below this is likely to involve 
phosphorylation. 6   

3.7.3     Developmental Regulation of Ferritin and Ferritoid 

 Developmentally there are two general mechanisms by which the temporal initia-
tion of ferritin and ferritoid synthesis could be regulated. One is that the regulation 
resides within the developing cornea itself (i.e., it is autonomous); the other is that 
it involves factor(s) produced elsewhere in the embryo (e.g., by systemic factors). 

3.7.3.1     Systemic Factors 

 To distinguish between autonomous and systemic regulation, corneas from different 
stages of embryos—all pre-ferritin/ferritoid—were explanted (grafted) to the 
chorioallantoic membrane (CAM) of host embryos. The host embryos were also 
pre- ferritin–ferritoid but their ages differed from the donor cornea [ 4 ]. 7  

6   As this uniform distribution is also found in single transfections for ferritin, we think that this 
refl ects the over-expression of ferritin by the transfected construct is more rapid than the assembly 
of the supramolecular ferritin complexes. Therefore some of the newly-synthesized monomers, 
and low molecular weight complexes are able to diffuse into the nucleus. 
7   At the time these studies were done, there was no antibody against ferritoid—thus the need to use 
epitope tags. 
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  Fig. 3.14    IHC of sections of E15 cornea at the corneal–scleral junction—where cells from the 
limbus migrate centripetally into the cornea and differentiate into mature CE cells   )—immunos-
tained for ferritoid ( red ) and ferritin ( green ), and counterstained with Hoechst ( blue ) for nuclei 
show the nuclear localization of ferritin and ferritoid occurs with maturation. Enlarged areas of the 
merged images for ferritoid and ferritin ( D – F ) are confocal micrographs of the regions demarcated 
by the corresponding boxes in which nuclei are designated by asterisks show that closer to the 
limbus, panel  D , ferritin and ferritoid are cytoplasmic, then become perinuclear as seen in “ E ” and 
then nuclear as seen in “ F ” in more mature CE cells closer to the central cornea. Scale bar = 10 μm. 
From [ 6 ]       
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 As tissues explanted to the CAM are nourished by vessels from host embryo, this 
should provide the explant with any systemic factor(s) produced by the host. Thus, if 
systemic factors are responsible for regulating the temporal synthesis of ferritin and 
ferritoid, these should appear in the explant concomitant with their appearance in the 
host. The results (evaluated by IHC for ferritin and ferritoid) showed this to occur– 
thus providing evidence for the involvement of systemic factors from the host [ 4 ].  

3.7.3.2     Thyroxine as a Regulatory Factor 

 Then, to begin to determine what systemic factor(s) might be involved in this regu-
lation, thyroxine was chosen for examination as: (1) studies on hepatocytes had 
shown that thyroxine amplifi es the synthesis of cytoplasmic ferritin, (2) thyroxine 
has been shown to infl uence the developmental expression of other corneal genes, 
and (3) formation of the thyroid gland temporally occurs shortly before the appear-
ance of the CE nuclear ferritin and ferritoid (see description in [ 4 ]). For these stud-
ies, organ cultures of pre-ferritin stage embryonic corneas were employed. 8  

 In such cultures, when the medium is supplemented with fetal bovine serum 
(FBS—which could contain a myriad of factors), the CE of the cultured corneas pre-
cociously initiates the synthesis of ferritoid and ferritin (as determined by IHC). For 
example, a cultured E8 cornea, which is chronologically three days pre-ferritin/ferri-
toid, will initiate synthesis of ferritin and ferritoid after one day in culture. However, 
when such corneas are cultured in serum-free medium, only an occasional CE cell 
will initiate synthesis of ferritoid and ferritin—even after a prolonged period of time 
in culture. Thus, whole corneal organ cultures were deemed suitable for examining the 
developmental regulation of ferritin and ferritoid synthesis. These results also sug-
gested that the factor(s) involved in this regulation are present in FBS. 

 To determine whether thyroxine is one such factor, serum-free cultures were sup-
plemented with T3, the active form of thyroxine. In these cultures, IHC showed that 
the addition of T3 induced the synthesis of both ferritoid and ferritin in the CE. Also, 
immunoblot showed the increase for ferritin to be ~70 % of that affected by FBS; for 
ferritoid the increase was ~50 %. Thus, a large part of the stimulatory activity in serum 
can be attributed to thyroxine. So, it was determined that the in vitro stimulation by 
both FCS and T3 involve the same mechanisms that operate in vivo—with ferritin 
being largely translational (as there was at most a slight increase in its mRNA) and 
ferritoid being largely transcriptional (as there is a large increase in its mRNA). 9    

8   The ISEL method [ 8 ,  14 ] is based on UV-induced ROS damage to DNA activating an excision- 
repair system [ 20 ,  28 ]. This temporarily produces DNA breaks that can be detected by 3′-end 
labeling. Also, when necessary the fl uorescent signals can be quantifi ed—as the percentage of 
cells showing a positive signal, and the strength of the signal produced [ 11 ]. 
9   Several other studies have reported ferritin in a nuclear location in other cell types, including 
nucleated red blood cells and cells in developing rat brain, as well as astrocytoma and glial cell 
lines, and cells subjected to iron overloading and other pathological conditions. 
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3.7.4     Iron-Mediated Translational Regulation of Ferritin 
and Ferritoid 

 As described previously for ferritin, when pre-ferritin stage CE cells are put in vitro 
(either as primary cells or whole corneal organ cultures) ferritin protein synthesis is 
initiated precociously [ 4 , 10 ]. Also, regulation of this appearance involves iron—as 
the addition of the iron chelator DFX to the medium, inhibits this synthesis 
[Fig.  3.15 , ferritin (+DFX)]. Likewise, the appearance of ferritoid is also blocked 
[Fig.  3.15 , ferritoid (+DFX)]. That the action of DFX on both ferritin and ferritoid 
involves iron sequestration is demonstrated by including, as a control equimolar 
iron—which negates the action of DFX [Fig.  3.15  (+DFX +FeSO 4 )].  

 As iron is a known translational regulator of cytoplasmic ferritin, it seems likely 
that the DFX-mediated inhibition of CE nuclear ferritin and ferritoid, also involves 
translational regulation. However, this conclusion is predicated on DFX not inhibit-
ing the synthesis of mRNAs for ferritoid and ferritin. This assumption was verifi ed 
by qRT-PCR analyses of corneal cultures [Fig.  3.15 , right panels) which showed 
that DFX treatment did not decrease the mRNAs for ferritin and ferritoid—if 
 anything, it slightly elevated them. 

 An additional observation from these studies was that intracellularly regulation 
occurs between ferritin and ferritoid. Following release from DFX inhibition 
(Fig.  3.16 )—which can be achieved by replacing the DFX-containing medium with 
DFX-free medium that also contains iron—ferritoid and ferritin reappear. And, this is 

  Fig. 3.15    Fluorescence IHC of E8 CE cell cultures in which CE cells were cultured for 48 h in 
normal medium (control), medium supplemented with 100 μM deferoxamine (+DFX) or equimo-
lar concentrations of deferoxamine and ferrous sulfate (+DFX +FeSO 4 ) and then labeled for fer-
ritoid and ferritin (nuclei counterstained with Hoechst) show that both ferritin and ferritoid 
synthesis are regulated by iron. Scale bar = 10 μm. In addition, by qRT-PCR the mRNAs for both 
ferritoid and ferritin are not decreased DFX consistent with the block being translational. From [ 6 ]       
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in the same temporal sequence as occurs during development in vivo (i.e., ferritoid is 
synthesized before ferritin). Also as observed in vivo, during the period when the CE 
cells are synthesizing ferritoid—but not yet ferritin—the ferritoid is cytoplasmic 
(Fig.  3.16 , ferritoid, 12 h) However, once ferritin synthesis is also initiated, both ferri-
toid and ferritin undergo nuclear transport (Fig.  3.16 , ferritoid, 18H and ferritin, 18H).   

3.7.5     The Ferritin–Ferritoid Interactions Required for Nuclear 
Transport, Involve the Phosphorylation of Ferritoid 

 At least some of this regulation may involve phosphorylation—as the conceptual 
ferritoid sequence has four consensus phosphorylation sites in its COOH-terminal 
region (depicted in Fig.  3.17 ). And, phosphorylation is a regulatory process that has 

  Fig. 3.16    When DFX-treated CE cultures are allowed to recover, most cells synthesize both fer-
ritin and ferritoid by 18 h after removal of DFX. And by 48 h the cultures are identical with the 
controls. However, after as early as at 12 h of recovery, a small population of cells synthesize fer-
ritoid (but not yet ferritin), and in these the ferritoid is cytoplasmic/perinuclear, consistent with 
what is observed in vivo. From [ 6 ]       
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been shown to affect a wide variety of cellular events—including protein–protein 
interactions and subcellular localizations. Therefore, we examined the possibility 
that phosphorylation may be involved in regulating the association of ferritoid with 
ferritin—which is the initial step required for nuclear transport.  

 We fi rst determined whether the ferritin–ferritoid complex(es) are phosphory-
lated—and if so, which ones. For this, CE cell lysates were fractionated by gel fi ltra-
tion chromatography (as described earlier and shown in Fig.  3.10 ). Then, the 
resulting fractions were analyzed for phosphorylation, by immunoblot with an anti- 
phosphoserine antibody). The results showed that the ferritoid in the 260 kDa 
(nuclear) complex(es) is phosphorylated (confi rmed by tandem mass spectrometry), 

  Fig. 3.17    To examine the role for C-terminal phosphorylation of ferritoid in ferritin-binding/
transport, a ferritoid construct was generated in which all of the C-terminal phosphorylation sites 
are mutated to glycines that cannot be phosphorylated. Then COS-1 cells were co-transfected with 
full-length constructs for ferritin—and for ferritoid that is either full-length wild type (FTD-wt), or 
in which the four consensus phosphorylation sites were mutated. (FTD-Pmut). Only with the 
FTD-wt were the ferritoid and ferritin nuclear. From [ 5 ]       
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but no phosphorylation was detected in the ~470 kDa (cytoplasmic) complexes, or 
in the lower molecular weight (putative precursor) fractions. 

 As described earlier, when COS-1 cells are co-transfected with full-length con-
structs for ferritoid and ferritin, nuclear transport of both occurs [Fig.  3.17  
(FTD-wt)]. However, if the co-transfections were performed with a ferritoid con-
struct in which the four consensus phosphorylation sites were mutated to non- 
phosphorylatable glysines (FTD-Pmut), only the ferritoid undergoes preferential, 
nuclear localization—while the ferritin is distributed uniformly throughout the cell 
(i.e., in both the cytoplasm and nucleus as can also be seen in [ 38 ]. Also co- 
immunoprecipitation showed that the mutated ferritoid no longer associates with 
ferritin. Taken together these results show that the mutated ferritoid is still capable 
of undergoing nuclear transport; however, it is no longer capable of transporting 
ferritin—most likely due to a lack of their association with one another. 

 To examine whether these analyses employing COS-1 cells refl ect what actually 
occurs in CE cells, cultures of CE cells were treated with a variety of kinase inhibi-
tors. The results are consistent with the results obtained with the COS-1 cells. In 
addition they suggest that the naturally occurring effect of the phosphorylation of 
ferritoid in CE cells is phosphokinase C (PKC)—as the only inhibitors that inter-
fered with nuclear transport were ones that inhibit this enzyme. Consistent with this 
conclusion, the cultures treated with the PKC inhibitors showed a reduction in the 
amount of ferritoid immunoprecipitated with the phosphoserine antibody, and they 
also showed decreased binding of ferritoid to ferritin (as determined by 
co-immunoprecipitation). 

 Therefore, these studies, when taken together, suggest that phosphorylation of 
ferritoid is involved in regulating formation of the ferritin–ferritoid complex(es), 
and that these complexes, once formed, undergo subsequent nuclear translocation.  

3.7.6     Does the CE of the Adult Cornea Have Ferritin–Ferritoid 
Complexes, and Why Are They in the Embryo 

 Our working hypothesis is that a major function of nuclear ferritin is to prevent 
UV-mediated damage to DNA. However, all of the in vivo work thus far presented 
here has been from embryonic corneas, and this a period when it is unlikely that UV 
radiation would pose much of a problem. However, we have also examined CE tis-
sue from adult corneas [ 39 ]—which is when such protection would be needed. 
These analyses showed that in adult CE both ferritin and ferritoid mRNAs are pres-
ent at levels similar to those in the mature embryo. And protein analyses showed 
that the molecular complexes in the adult CE are indistinguishable from those in the 
embryo—being present mostly in the 260 kDa (nuclear) form. 

 Conversely then, why do ferritin–ferritoid complexes even exist in the CE of the 
developing embryo? For this, at least two possibilities exist. One is that their embry-
onic appearance prepares the CE for future oxidative insults that will be encoun-
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tered following hatching. However, another possibility is that the embryonic nuclear 
ferritin may have a role in protecting the CE from ROS produced by the embryo 
itself. It has been reported that amniotic fl uid has ROS that are high enough they can 
be detected by the reaction products they produce [ 31 ]. And, our studies have shown 
that the nuclear ferritin can directly protect embryonic CE cells from ROS (e.g., 
H 2 O 2 ). If this latter explanation is correct, the nuclear ferritin–ferritoid complexes 
are likely to have different protective roles at different times in life (i.e., in ovo from 
endogenous ROS produced by the embryo itself, and in the adult from ROS envi-
ronmentally produced by UV irradiation and molecular O 2 .)      
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      Abbreviations 

   Cys    Cystine   
  EAAT    Excitatory amino acid transporter   
  GGT    Gamma–glutamyl transpeptidase   
  Gln    Glutamine   
  Glu    Glutamate   
  GS    Glutamine synthetase   
  HCEC    Human conjunctival epithelial cells   
  NAC    N-acetylcysteine   
  ROS    Reactive oxygen species   
  xCT    Xc-exchanger C-terminal light chain   

4.1           Introduction 

 The 0.5–0.8 mm thick, transparent avascular cornea domes the anterior external 
surface of the eye and focuses light toward the lens and retina. Three phenotypically 
and phylogenically differentiated cell layers are found in the normal cornea; a single 
long-lived endothelial cell layer lines the posterior corneal surface bathed by 
aqueous humor, multiple layers of interdigitating stromal keratocytes (fi broblasts) 
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of neural crest origin provide strength and structure, and 4–6 layers of epithelial 
cells cover the anterior surface bathed by tear fl uid. The epithelium is composed of 
a basal layer of metabolically active columnar epithelial cells, 2–3 layers of tightly 
adherent outward-migrating wing cells, and 1–2 layers of fl at superfi cial epithelial 
cells at the cornea–tear interface that are progressively displaced by the underlying 
wing cells. 

 The cornea and intraocular tissues are exposed constantly to reactive oxygen 
species (ROS) generated by environmental factors, metabolism, and disease [ 1 – 4 ]. 
Glutathione (GSH; a tripeptide of glutamate, cysteine, and glycine) is a potent 
intracellular antioxidant found throughout the cornea, but predominantly in the 
endothelium and epithelium [ 5 ,  6 ]. The importance of GSH to corneal endothelium 
function, viability, and protection from ROS is supported by the observations that 
oxidative stress depletes corneal GSH leading to decreased corneal barrier function, 
hydration, cell membrane integrity, and xenobiotic detoxifi cation [ 7 – 12 ]. Loss of 
GSH and related enzymes due to irradiation, drying, diabetes, infl ammation, aging, 
and administration of some drugs predisposes cornea, conjunctiva, and intraocular 
tissues to oxidative stress [ 1 – 4 ,  13 ,  14 ]. 

 The immunohistochemical mapping of GSH, glutamate (Glu), cystine (Cys) glycine, 
and glutamine (Gln), their respective transporter systems, γ-glutamyltranspeptidase 
(GGT; catalyzes the cleavage of extracellular glutathione into its constituent 
amino acids which can then be transported into the cell), and glutamine synthetase 
(GS catalyzes the condensation of Glu and ammonia to form Gln) in different 
lens regions [ 15 ,  16 ], ciliary body epithelial [ 17 – 19 ] and cornea endothelium and 
epithelium [ 5 ,  20 ] provide anatomical support for contributory roles in regulating 
intracellular Glu and Cys, maintaining GSH, and protecting the cell against oxidative 
stress. The purpose of the current study was (i) to determine the cellular distribution of 
Glu, EAATs, Xc −  antiporter, GGT, and GS in human corneal epithelial cells (HCEC) 
and (ii) to determine their importance to GSH homeostasis utilizing specifi c trans-
porter and metabolic inhibitors. The differential expression of EAAT, Xc −  antiporter, 
GGT, and GS by HCEC in culture was similar to that previously reported in human 
cornea [ 20 ]. Notably, inhibition of EAAT, Xc −  antiporter, GGT and GS depleted 
glutathione (GSH) levels in HCEC suggesting their activities are important to GSH 
homeostasis and protection from oxidative stress.  

4.2     Materials and Methods 

  Transformed human corneal epithelial cells  ( HCEC ). Transformed HCEC were 
provided by Dr. Zan Pan (Department of Ophthalmology, Dyson Vision Research 
Institute, Weill Cornell Medical College, New York, NY) and maintained at low 
passage using standard tissue culture techniques. The cells were grown in Dulbecco’s 
minimum essential media (DMEM; Sigma, St Louis, MO) supplemented with 5 % 
fetal bovine serum (Atlanta Biologicals, Lawrenceville, GA) and insulin (1 unit/mL, 
Novolin ® , Novo Nordisk Pharmaceutical Industries, Inc. Clayton, NC) as previously 
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described [ 21 ]. For experiments, HCEC sub-stocks were propagated in fl ask cultures 
and trypsinized cells were suspended (5 × 10 6  cells/mL) in a 1:1 mixture of DMEM 
and F12 medium (Sigma-Aldrich, St. Louis, MO) containing low levels of glucose 
(21 mg/dL), 2 % bovine calf serum (HyClone Laboratories; Logan, UT), insulin and 
antibiotics (100 U penicillin and 100 μg streptomycin/mL; GIBCO-BRL; Grand 
Island, NY). Two milliliters of cell suspension were pipetted into each 6-well 
dish culture (Sarstedt, Inc., Newton, NC). The cultures were incubated for 48 h 
at 37 °C in a 5 % CO 2  humidifi ed atmosphere within a water- jacketed incubator 
(Forma-Scientifi c, Fredrick, MD). 

  Reagents . Inhibitors of excitatory amino acid transporters (EAAT)  L - and 
 D -glutamic acid ( L - and  D -Glu), non-metabolizable  D -aspartic acid ( D -Asp),  D / L -
THREO - β -hydroxyaspartate (THA; high-affi nity inhibitor of EAAT1 and EAAT3), 
and kainic acid (KA; inhibitor of EAAT2) [ 22 ], and inhibitors of Cys/Glu exchanger 
(Xc −  antiporter) α-aminoadipic acid (AAA) [ 23 ], and N-acetylcysteine (NAC) were 
purchased from Sigma Chemical Company (St. Louis, MO). The non-transportable 
Glu/Asp transport inhibitor  DL -threo-β-benzyloxyaspartic acid (TBOA) [ 24 ] was 
purchased from Tocris Bioscience (Tocris Cookson Ltd., Ellisville, Missouri). 
Acivicin (AT 125 ; 25 μg/mL) [l-((S,5S)-(-amino-3-chloro-4,5-dihydro-5- isoxazoleacetic 
acid; inhibitor of GGT)] [ 25 ], 5 mM  L -methionine- D / L -sulfoximine (MSO; inhibitor 
of GS) [ 26 ], and 5 mM buthionine sulfoximine (BSO; potent inhibitor of GSH 
synthetase) [ 27 ] were purchased from Sigma Chemical Company (St. Louis, MO). 
Stock solutions were prepared in DMEM, aliquoted, and stored at −20 °C. 

  Radiolabeled amino acids . [ 14 C]- L -Glu (specifi c activity; 254 mCi/mM), [ 3 H]- D - 
ASP  (specifi c activity; 14 Ci/mM), and [ 14 C]- L -Cys (specifi c activity; 250 mCi/mM) 
were purchased from New England Nuclear (Boston, MA). 

  Na - dependent and Na - independent uptake of radiolabeled   l - Glu ,  d - Asp ,  and  
 l - Cys    . The kinetic uptake of trace amounts (10–100 nCi/mL) of radiolabeled  L -Glu, 
 D -Asp and  L -Cys in the presence and absence of Na +  was performed in side-by-side 
parallel experiments using triplicate 48 h-old confl uent cell monolayers in 6-well 
culture dishes (Sarstedt, Newton, NC). The medium was removed from triplicate 
cell monolayers and rinsed three times with 1 mL volumes of pre-warmed (37 °C) 
Na + -free choline-buffered medium (CBM; 16.8 g C 5 H 14 NO·Cl, 3.3 g C 5 H 14 NO·HCO 3 , 
140 mg CaCl 2 , 100 mg MgSO 4 , and 350 mg KCl/L; pH 7.4) or phosphate-buffered 
saline (PBS). One mL of pre-warmed CBM or PBS containing trace levels of 
[ 14 C]- L -Glu (~1 μCi/5nM/mL), [ 3 H]- D -Asp (~1 μCi/700pM/mL), or [ 14 C]- L -Cys 
(~1 μCi/5nM/mL) was added to replicate cultures and incubated at 37 ° C for 5, 10, 
and 20 min. The CBM or PBS containing the free radiolabeled amino acid was 
removed quickly and the culture plate placed on wet ice. The amount of radiolabeled 
amino acid (CPM) taken up by the cultured cells was determined as previously 
described [ 28 ]. Briefl y, the cultures were rinsed with three 1.0 mL volumes of 
chilled CBM or PBS and 0.25 mL 5 % trichloroacetic acid (TCA; Fisher Scientifi c, 
Fair Lawn, NJ) was added to each culture, the cell monolayer scraped off with a 
plastic spatula and the TCA and cell precipitate pipetted into a vial and centrifuged 
at 5,000 g  for 5 min. The TCA fraction was harvested and pipetted into a scintillation 
vial containing 4 mL of ScintiVerse, II cocktail (Fisher Scientifi c, Fair Lawn, NJ), 
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counted in a Beckman LS6500 scintillation counter (Beckman Instruments, Palo 
Alto, CA), and radioactivity expressed as mean CPM/culture. 

  Immunoreagents : Rabbit polyclonal anti-glutamate antibody (Cat# AB5018; 
Lot# 24070069) was purchased from Chemicon International (Temecula, CA, 
USA;   www.chemicon.com/    ; see   http://www.millipore.com    ). Rabbit anti-rat anti-
sera to the C-terminal 14–21 amino acid oligopeptides of EAAT-1 (Cat# 
GLAST11-S), EAAT-2 (Cat# GLT-11-S), EAAT-3 (Cat# EAAC-11-S), EAAT-4 
(Cat# EAAT-41-S), and rabbit antiserum to the 21 amino acid C-terminal oligopep-
tide of huamn EAAT-5 (Cat# EAAT51-S) proteins were purchased from Alpha 
Diagnostics International (San Antonio, TX;   www.4adi.com    ). Polyclonal rabbit 
antibody to a synthetic N-terminal peptide (1-50 aa) of murine xCT (NB300-318) 
was purchased from Novus Biologicals (Littleton, CO). Rabbit anti-GGT was gen-
erously provided by Dr. J.D. (David) Castle (Department of Cell Biology, 
University of Virginia Health System School of Medicine, Charlottesville, VA) 
[ 29 ]. Goat polyclonal antibody to GS was purchased from Abcam, Inc. (ab6585; 
Cambridge, MA, USA). Fluorescein-isothiocyanate (FITC)-tagged anti-rabbit and 
anti-goat IgG antisera were purchased from Jackson ImmunoResearch Laboratories, 
Inc., West Grove, PA). 

  Immunofl uorescent analyses for proteins and mitochondria detection . The 
immunofl uorescent antibody (IFA) analysis of HCEC was performed using 
polyclonal antibodies to Glu, EAAT subtype-specifi c peptides and xCT-specifi c 
peptide, rabbit anti-GS, and rabbit anti-GGT as previously described [ 20 ]. Briefl y, 
EAATs and xCT immunoreactive proteins were detected by IFA in confl uent HCEC 
monolayers grown on Lab-Tek ®  8 chamber glass slide systems (Nunc Nalgene 
Corporation) for 48 h at 37 °C. The media was removed and the slide cell cultures 
rinsed with PBS and fi xed for 15 min with cold 1 % paraformaldehyde. The slides 
were rinsed six times with cold PBS and reacted with 1:100 dilutions of primary 
antibodies. After 16 h incubation at 4 °C, the primary antibodies were removed. 
The slides were washed three times with PBS. FITC-tagged secondary antibody in 
PBS (1:1,000) was added and the slide cultures incubated for 6 h at 37 °C before 
rinsing six times with PBS to remove unbound secondary antibody. Excess moisture 
was blotted from the slide, one drop of IFA mounting media (VWR International, 
Inc., West Chester, PA) applied/section, and a glass cover slip mounted on each 
slide. The processed slides were stored at 4 °C. 

 Mitochondria in unfi xed HCEC were labeled using Mitotracker Green (M-7514; 
Invitrogen, Eugene, OR) as per the manufacturer’s instructions. Briefl y, HCEC 
grown in Lab-Tek ®  2 chamber cover glass systems (Nunc Nalgene Corp.) were 
incubated in 1 mL of a 1 μM solution of Mitotracker Green in DMEM (serum-free, 
15 mM HEPES) for 30 min. The medium containing the Mitotracker Green was 
removed and the cells rinsed three times with 1 mL volumes of 37 °C PBS. Fresh 
pre-warmed PBS was pipetted on to the cells before viewing by fl uorescent 
microscopy. 

 Fluorescing cells and mitochondria were observed under equal exposure condi-
tions using a ×40 .60 N.A. plan Fluor objective on a Nikon Eclipse TE300 inverted 
microscope with an epi-fl uorescence attachment with single band exciters for FITC 
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(492 nm, ×18) and TRITC (572 nm, ×23). Digital images were captured using a 
Photometrics Cool SNAPfx monochrome CCD camera controlled with Scanalytics 
IPLab software. 

  Substrate - specifi c inhibition of Glu ,  Asp ,  and Cys transporter activity in HCEC . 
Na + -dependent EAAT and Na + -independent Xc-antiporter activities were evaluated 
by comparing inhibition of radiolabeled Glu,  D -Asp, and Cys by  L -Glu,  D -Glu, 
 L / D - ASP , threo-β-hydroxyaspartate (THA; high-affi nity inhibitors of Glu transport by 
cloned EAAT1 and EAAT3), kainic acid (KA; potent inhibitor of cloned EAAT2) [ 22 ], 
 L -α-aminoadipic acid (AAA) (inhibitor of EAAT3 uptake of Cys), and NAC [ 23 ,  30 ]. 
Briefl y, the culture media was removed and the HCEC cultures rinsed twice with 
pre-warmed PBS. For concentration-dependent experiment, 1.0 mL of pre-warmed 
PBS or CBM containing 1 μCi/mL [ 14 C]- L -Glu, 0.1 μCi/mL [ 3 H]- D - ASP , or 1 μCi/mL 
[ 14 C]- L -Cys with and without different concentrations (1–100 μM) of each inhibitor 
was added to triplicate cultures. After incubation at 37 °C for 20 min, the PBS was 
removed from the cultures and rinsed three times with 1 mL volumes of cold PBS or 
CBM to remove free radiolabeled amino acid. Cold 5 % TCA was added (0.3 mL/
culture), the cell precipitate separated from the TCA soluble fraction and the amount 
of free intracellular [ 14 C]- L -Glu, [ 3 H]- D -Asp or [ 14 C]- L -Cys determined for each 
inhibitor concentration by scintillation counting as above. The mean 50 % inhibitory 
concentration (IC 50 ) was calculated per inhibitor from the results of three independent 
experiments ran in triplicate. For substrate inhibition studies, the mean percent 
inhibition of radiolabeled amino acid uptake by a 100 μM concentration of each 
inhibitor was compared. The mean percent inhibition/experiment was calculated by 
dividing the mean counts per minute (CPM)/mg protein (Bio-Rad protein assay) 
in the three inhibitor-treated cultures by the mean CPM/mg protein in the three 
placebo-untreated control cultures. 

  Effect of transport and metabolic inhibitors on GSH in HCEC : To determine if 
acute inhibition of EAAT would reduce GSH levels, media containing  L -Glu,  D -Asp, 
THA, and TBOA (10 mM) [ 22 ,  24 ] was pipetted onto replicate 6-well plate cultures 
of HLEC and incubated for 6 h. The effect of AT 125  (25 μg/mL; GGT inhibitor) [ 25 ], 
5 mM MSO (GS inhibitor) [ 26 ], and 5 mM BSO (potent inhibitor of GSH synthesis) 
[ 27 ] on intracellular GSH levels was determined for comparison. The concentration 
of reduced GSH was determined using a colorimetric/microplate reader assay [ 31 ]. 
Briefl y, the culture media was removed and the cells washed three times with 
PBS. Phosphoric acid precipitating solution (PAPS; 1.67 g metaphosphoric acid, 
0.2 g EDTA, 30 g NaCl/100 mL double-distilled H 2 O) was added in (100 μL)/6- well 
culture. The cells were detached with a plastic spatula (Disposable Cell Lifter; 
Fisher Scientifi c), the precipitate solution clarifi ed by centrifugation at 10,000 g  for 
5 min and the PAPS harvested. Twenty microliters of each PAPS sample and serial 
dilutions of a 20 mM GSH standard solution were added to triplicate 96-well 
microtiter culture plate wells containing 180 μL of 0.3 M Na 2 HPO 4  and 20 μL of a 
DTNB solution (20 mg 5,5′- dithiobis-2-nitrobenzoic acid/100 mL 1 % sodium 
citrate in double-distilled H 2 O). The concentration of the yellow derivative (5′-thio-2- 
nitrobenzoic acid) was measured after incubation at room temperature for 10 min using 
a Cayman spectrophotometric plate reader (OD 405  nm; Cayman Chemical Autoreader; 
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Ann Arbor, MI). The mM GSH concentrations was calculated/culture and the mean 
of two experiments ran in triplicate was determined. 

  Statistical analysis.  Means with standard deviations (SD) or standard errors (SEM) 
were calculated using Microsoft Excel software (Windows XP-2000, Professional). 
Statistical differences between control and treatment groups were considered 
statistically signifi cant at  p -values <0.05 as determined by unpaired Student  t  test 
analysis. Graphs were generated using Sigma Plot software.  

4.3     Results 

  Na+ - dependent uptake of   L - Glu ,  D - Asp ,  and   L - Cys in HCEC.  The time-dependent 
uptake of [ 14 C]- L -Glu, [ 3 H]- D -Asp, and [ 14 C]- L -Cys by HCEC in the presence and 
absence of Na +  is presented in Fig.  4.1 . The amount of [ 14 C]- L -Glu taken up by 
HCEC after 20 min was 5.6 fold higher in the presence of Na (2,256 ± 232 CPM/20 min) 
than the absence of Na +  (405 ± 37 CPM/20 min;  p  < 0.0001) (Fig.  4.1a ). Similarly, 
3.1-fold more [ 3 H]- D -Asp was taken up by HCEC in the presence of Na +  
(1,862 ± 268 CPM/20 min) than under Na + -free conditions (600 ± 73 CPM/20 min; 
 p  < 0.0001) (Fig.  4.1b ). In comparison, [ 14 C]- L -Cys uptake by HCEC was similar in 
the presence of Na +  (937 ± 88 CPM/20 min) and the absence of Na +  
(843 ± 98 CPM/20 min;  p  = 0.72) (Fig.  4.1c ). The uptake of [ 14 C]- L -Glu and [ 3 H]- D - ASP  
was Na + -dependent. In contrast, the uptake of [ 14 C]- L -Cys in HCEC was similar in 
the presence and absence of Na + . Taken together, the results are consistent with 
Glu and Asp transport by high-affi nity Na + -dependent EAAT and support  L -Cys 
transport by Na + -independent Xc −  antiporter.  
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  Fig. 4.1    Uptake of radiolabeled ( a )  L -Glu, ( b )  D -Asp, and ( c )  L -Cys by Na + -dependent and 
Na + -independent transport systems in HCEC. Each point represents the mean CPM/culture and 
SEM of three experiments       
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  Cellular distribution of immunoreactive EAATs and xCT  ( light chain of Glu / Cys 
exchanger ) [ 32 ]  in HCEC.  All Na + -dependent EAATs and xCT were detected in 
HCEC cultures (Fig.  4.2 ). The relative amount and location of the EAAT1-5 varied 
from undetectable to highly concentrated in HCEC within each monolayer. Notably, 
EAAT1 was expressed weakly in some cells, but was highly concentrated in the 
cytoplasm on one side of the nucleus in many positive HCEC (Fig.  4.2a ). EAAT2 
was absent in some cells, but was detected in the cytoplasm and nuclei of other 
HCEC (Fig.  4.2b ). EAAT3 signal was detected in the plasma membrane, was highly 
concentrated in the cytoplasm of many cells, and was absent or very weakly 
expressed in some cells (Fig.  4.2c ). EAAT4 was detected weakly in all HCEC, but 
was concentrated in the cytoplasm of a few cells (Fig.  4.2d ). A weak EAAT5 signal was 
detected in the perinuclear cytoplasm of most cells (Fig.  4.2e ). The immunoreactive 
signal for the light chain xCT of the Xc −  antiporter was detected on the membranes 
and cytoplasm of most cells (Fig.  4.2f ). Thus, these results support the results of the 
Na-dependent uptake studies and suggest the relative levels of expression in HCEC 
cultures was EAAT3 > EAAT2 = xCT > EAAT1 > EAAT4 > EAAT5.  

  Concentration - dependent substrate inhibition of EAAT . To characterize the Na + -
dependent EAAT activity in HCEC, [ 3 H]- D -Asp uptake in the presence of different 
EAAT competitive inhibitor and blocker concentrations was determined.  L -Glu, 
 D - ASP , THA, and TBOA inhibited the uptake of [ 3 H]- D -Asp in a concentration- 
dependent manner (Fig.  4.3 ). The IC 50  of the EAAT blocker TBOA (3.5 μM) was 2 
to 8-fold lower than the IC 50 s of the competitive EAAT inhibitors  L -Glu,  D - ASP , and 

  Fig. 4.2    EAATs and Xc −  antiporter (xCT) in HCEC cultures. Cellular localization of immunoreactive 
( a ) EAAT1, ( b ) EAAT2, ( c ) EAAT3, ( d ) EAAT4, ( e ) EAAT5, and ( f ) xCT peptides in HCEC. Note 
the predominance of cytoplasmic EAAT1 and EAAT3 labeling, the weaker EAAT2, EAAT4, and 
EAAT5 labeling, and the surface labeling of xCT in HCEC. Bar = 50 μm       
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THA (~16 μM, 10 μM, and 20 μM, respectively). In contrast, the IC 50  of KA was 
>100 μM. The weak inhibition of KA and  D -Glu suggests that the uptake of [ 3 H]- D -
Asp in HCEC was not due to EAAT2. The strong inhibition of  D -Asp uptake by  D -
Asp, THA, and TBOA suggests EAAT1 and/or EAAT3 activity [ 22 ]. It should be 
noted that the substrate specifi city in a HCEC culture likely represents the 
transporter(s) expressed by the majority of metabolically active cells. Further, the 
EAAT1-5 and xCT (Xc −  antiporter light chain) expression levels and distribution 
within cells of a culture suggests that more than one EAAT may be expressed by a 
HCEC and that different EAATs may be expressed by Xc −  antiporter positive and 
negative cells.  

  Substrate specifi city of EAAT and Xc  −   antiporter activities in HCEC . 
Na-dependent EAAT and Na-independent Xc −  exchanger activities in HCEC were 
determined by the uptake of radiolabeled  L -Glu,  D -Asp, and  L -Cys in the presence 
of 100 μM substrate-specifi c amino acid transporter inhibitors (Table  4.1 ). 
The Na-dependent uptake of [ 14 C]- L -Glu by HCEC was inhibited strongly by X AG  
system substrate inhibitors of  L -Glu (76.7 ± 2 %),  D -Asp (78.3 ± 5.3 %), and THA 
(55.5 ± 2 %), but was inhibited weakly by  D -Glu (20.6 ± 10.1 %) and KA (33.5 ± 8 %). 
Inhibition of [ 14 C]- L -Glu uptake by AAA or NAC was not detected (<10 %). 
In comparison, Na + -dependent [ 3 H]- D -Asp uptake was inhibited strongly by  L -Glu 
(79 ± 0.4 %),  D -Asp (79.4 ± 3.4 %), THA (74.2 ± 5.9 %), and TBOA (91.6 ± 4.1 %), 
but was weakly inhibited by  D -Glu (47 ± 10.2 %), and KA (46 ± 8.5 %) consistent 
with the results of the concentration-dependent inhibition of  D -Asp uptake (Fig.  4.3 ). 
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The weak inhibition Glu or Asp by  D -Glu and KA suggests low or not EAAT2 
uptake activity in HCEC. Taken together, the results of the Glu/Asp inhibition studies 
support EAAT1/3 uptake of Glu/Asp in HCEC, but cannot rule out Glu uptake by 
EAAT2, EAAT4, and EAAT5.

   To defi ne the substrate specifi city of Cys transport by HCEC, the uptake of radio-
labeled  L -Glu and  L -Cys was determined in the presence of inhibitors. Cys 
(90.7 ± 3.7 %), NAC (86.3 ± 2.6 %), and  D -Glu (78.6 ± 2.9 %) inhibited Na + -
dependent [ 14 C]- L -Cys uptake more than  L -Glu (64.6 ± 0.7 %) and AAA 
(54.3 ± 5.8 %). These results support Na + -independent Cys uptake and suggest that 
[ 14 C]- L -Cys uptake via Na + -independent Xc −  exchanger, but do not rule out Na + -
dependent EAAT transport of Cys [ 33 ,  34 ]. 

  Glu and Cys inhibition reduced GSH . Based upon the results of the substrate 
inhibition studies above, we next determined the effect of Glu and Cys transport 
inhibitors on GSH in HCEC. GSH levels were reduced most signifi cantly by 6 h 
incubation in media containing  L -Glu (24.3 ± 21.6 %),  D -Asp (21 ± 11.7 %), and 
AAA (24 ± 5.3 %) (Fig.  4.4 ). GSH levels were reduced less by THA (12 ± 5.7 %) 
and KA (3 ± 8 %). These results are consistent with the idea that EAAT and 
Xc −  antiporter uptake of Glu and Cys plays a signifi cant role in maintaining GSH 
in HCEC.  

  Cellular distribution of mitochondria ,  Glu ,  GGT ,  and GS in HCEC . Mitochondria 
(MitoTracker Green dye positive) were concentrated in the cytoplasm around the 
nucleus of almost all HCEC in a monolayer (Fig.  4.5a ). Glu was detected in all 
HCEC, but most cells contained highly concentrated Glu in the mitochondria-rich 
perinuclear cytoplasm (Fig.  4.5b ). Some HCEC had concentrated Glu over the 
nucleus suggestive of apical localization. Punctate packets of highly concentrated 
GGT were detected between most HCEC and GGT was detected weakly on the 
nuclear membrane of some cells (Fig.  4.5c ). Immunoreactive GS was detected in 
the perinuclear cytoplasm of many cells in the monolayer, but GS signal was absent 
or uniquely expressed in the cytoplasm of some HCEC (Fig.  4.5d ). The results are 
consistent with high levels of Glu in mitochondria-rich perinuclear cytoplasm. 

   Table 4.1    Substrate-specifi c inhibition of radiolabeled Glu,  D -Asp and Cys uptake in HCEC   

 Inhibitors 

 Percent uptake inhibition by 100 μM of: 

 [ 14 C]- L -Glu  [ 3 H]- D -Asp  [ 14 C]- L -Cys 

  L -Glu  76.7 ± 2.0  79.0 ± 0.4  64.6 ± 0.7 
  D -Glu  20.6 ± 10.1  47.0 ± 10.2  78.6 ± 2.9 
  D -Asp  78.3 ± 5.3  79.4 ± 3.4 
 THA  55.4 ± 2.0  74.2 ± 5.9 
 TBOA  91.6 ± 4.1 
 KA  33.5 ± 8.0  46.0 ± 8.5 
 AAA  <10.0  54.3 ± 5.8 
 NAC  <10.0  86.3 ± 2.6 
 Cys  90.7 ± 3.7 

4 Excitatory Amino Acid Transporters, Xc− Antiporter, γ-Glutamyl Transpeptidase…



76

0

5

10

15

20

25

30

35

40

45

50

Glu D-Asp THA KA AAA

Inhibitor

%
 G

S
H

 R
ed

u
ct

io
n

  Fig. 4.4    Effect of Glu and 
Cys transport inhibitors on 
GSH in HCEC. Each point 
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three experiments ran in 
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  Fig. 4.5    Distribution of ( a ) mitochondria, ( b ) Glu, ( c ) GGT, and ( d ,  e ) GS in HCEC. Note the 
punctate signals of highly concentrated GGT between HCEC and weak signal on nuclear 
membranes ( arrows ) of a few HCEC. Also, note GS signals were strong, absent (†), or weak (*) in 
some putative nucleophagic HCECs. Bar = 50 μm       
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The variable GGT and GS expression by HCEC may suggest metabolic differences 
consistent with corneal cell differentiation from columnar to the wing epithelia 
cell phenotype.  

  Effect of GGT and GS inhibition on GSH levels in HCEC . To determine the 
relative importance of GGT and GS to GSH levels, HCEC cultures were treated 
with AT 125  (5 μg/mL; inhibits >95 % GGT activity; data not shown) [ 25 ], 5 mM 
MSO (inhibitor of GS conversion of Glu to Gln) [ 26 ], or BSO (5 mM; inhibitor of 
GSH synthesis) [ 27 ]. The mean percent GSH reduction (±SEM) was determined 
from three experiments (Fig.  4.6 ). The GSH concentration in HCEC cultures was 
reduced by AT 125  (19 ± 6.4 %) and MSO (32.7 ± 26.2 %), but was reduced about two-
fold more by BSO (54 ± 21.4 %). These results suggest the high GSH concentration 
in HCEC (39.7 ± 2.4 mM) is dependent predominantly on GSH synthesis. Moreover, 
the results suggest GGT and GS metabolic activities play signifi cant roles in 
maintaining the GSH levels in HCEC.   

4.4     Discussion 

 All EAATs were detected in HCEC as in human cornea [ 20 ], but HCEC transport of 
Glu and  D -Asp was via EAAT1/3 activity based upon the Na + -dependent uptake, 
substrate specifi city of  D -Asp and Glu uptake, and predominant expression. However, 
low levels of Glu/Asp uptake, export or intracellular transport by EAAT2, EAAT4, and 
EAAT5 cannot be ruled out. GSH depletion following EAAT inhibition is consistent 
with the idea that GSH levels are dependent on Glu transporter activity in HCEC 
as in retinal cells [ 33 ,  34 ]. Recently, EAAT3 was shown to transport Cys [ 35 ,  36 ] 
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suggesting an alternate pathway for Cys uptake. Moreover, EAAT3 knockout mice 
are GSH-defi cient and susceptible to oxidative stress that is sensitive to antioxidant 
treatment [ 37 – 39 ]. Thus, the detection of EAAT3 activity in HCEC, as well as in 
human corneal endothelial and epithelial cells [ 20 ], suggests EAAT3 may contribute 
to GSH synthesis by transporting Cys and Glu in columnar epithelium and endo-
thelium, but additional experiments are needed to confi rm the role of EAAT3 Cys 
transport and protection from oxidative stress in corneal epithelium. Concomitantly, 
Cys uptake in HCEC was consistent with Xc −  antiporter activity based upon Na + -
independent uptake activity, sensitivity to Xc −  antiporter inhibitors, and xCT (Xc −  
antiporter light chain) expression on most HCEC in the monolayer. The ≈25 % 
reduction in GSH following incubation of HCEC with inhibitors of Cys uptake 
(Glu and AAA) supports the importance of Xc −  antiporter in supplying Cys for GSH 
synthesis [ 40 ,  41 ]. That is, extracellular Glu taken up by EAAT can be utilized by 
the cell for metabolism and GSH synthesis or exchanged for an extracellular Cys by 
the Xc −  antiporter; providing the essential Cys for GSH synthesis. The coupling of 
EAAT and Xc −  antiporter activities has been shown to protect against GSH loss 
and oxidative stress [ 41 – 43 ]. The results also suggest that the coupling of EAAT 
and Xc −  antiporter activities in HCEC may protect against oxytosis; cell death due 
to Glu inhibition of Xc −  antiporter Cys uptake leading to a depletion of GSH and 
susceptibility to oxidative stress [ 42 ,  43 ]. In this regard, high levels of Glu and 
EAAT dysfunction have been noted in hypertensive and diabetic eyes [ 44 – 47 ]. 
Our results are consistent with the idea that Glu uptake by EAAT and exchange for 
Cys by the Xc −  antiporter are critical to HCEC Glu, Cys, and GSH homeostasis and 
protection against oxidative stress. 

 The expression of GGT on cell and nuclear membranes of HCEC was similar to 
that in human corneal tissue [ 13 ,  20 ]. The detection of GGT supports GSH recapture 
via the γ-glutamyl cycle [ 48 ]. That is, the catalytic cleavage of extracellular GSH by 
the ectoenzyme GGT generates free precursor amino acids that can then be taken up 
by HCEC. The function of intracellular and nuclear membrane-bound GGT in 
mitochondria-rich HCEC and corneal columnar epithelial cells is unknown, but 
suggests the presence of the glutaminase-GGT pathway [ 49 ]. The ≈20 % reduction 
in GSH following incubation of HCEC with acivicin (AT 125 ; GGT inhibitor) [ 24 ] 
was similar to the reduction in GSH by Glu and Cys uptake inhibition and was 
consistent with the idea that GGT activity contributes to the GSH levels. The >2-fold 
greater reduction in GSH levels by BSO than AT 125  suggests that cytosolic/
mitochondrial GSH synthesis [ 50 ] in HCEC cultures plays a greater role in 
maintaining the cellular GSH levels than GSH transport. The importance of GGT to 
GSH and protecting against cell death due to oxidative stress has been shown in vitro 
and in vivo [ 51 – 55 ]. Thus, loss of corneal GGT due to aging [ 13 ], diabetes [ 14 ] and 
other factors would reduce the capacity of the cornea epithelium to maintain GSH 
via the γ-glutamyl cycle and lessen the antioxidant potential of the cornea. 

 GS was detected in many of the HCECs in a 48 h culture, but was absent or 
weakly expressed in ≈25 % of the cells. GS converts intracellular Glu in the presence 
of ammonia to Gln [ 26 ]. The ≈30 % reduction in GSH caused by the GS inhibitor 
MSO was greater than the reduction caused by EAAT, Xc −  antiporter, and GGT 
inhibitors, but was less than by BSO (inhibitor of GSH synthesis). The reduction in 
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GSH by MSO suggests inhibition of GS activity leads to intracellular Glu 
accumulation which inhibits Cys uptake by Xc −  antiporter (and/or EAAT3) and 
predisposes the cell to Glu-mediated oxidative stress. This scenario is supported by 
previous studies in neuronal cells showing GS and Xc −  antiporter activities protect 
neuronal tissue from the toxic effects of Glu and ammonia by generating Gln and 
exporting Glu [ 41 ,  42 ]. It is not clear why GS is elevated in some HCECs in culture 
or predominantly expressed in Xc −  antiporter positive wing cells in human cornea 
[ 20 ]. However, GS has been detected in ciliary body epithelium [ 17 – 19 ] and retinal 
pigmented cells [ 26 ] where it likely functions to effl ux Gln. In addition, GS activity 
has been shown to regulate Glu-mediated cell swelling [ 56 ], enhance clearance of 
extracellular Glu [ 57 ] and protect against neuronal cell death [ 58 ]. If GS exerts 
similar modulatory activities in the corneal epithelium then GS activity could help 
maintain GSH, protect against endogenous and exogenous oxidative stress, clear the 
high Glu concentration in columnar cells [ 20 ], provide Gln for other corneal cells, 
reduce Glu produced by dysfunctional mitochondria, and play a role in wing cell 
morphological changes. Other possibilities cannot be ruled out. Parallel studies 
using inhibitors of GSH, Glu, Cys, and Gln biogenesis in the corneal epithelium 
in vivo and in the HCEC model are needed to provide insights into the role of GS in 
corneal protection against oxidative stress due to endogenous and exogenous factors. 

 The transporter activity, immunocytological and pharmacological studies pre-
sented demonstrate the presence and importance of Glu and Cys transporter sys-
tems, GSH recapture, and Gln–Glu metabolic pathways to GSH homeostasis in 
human corneal epithelial cells. Further, our results and the expression of these 
systems in the cornea [ 6 ,  20 ] suggest each plays an important role in corneal health 
by protecting against ROS produced by ultraviolet light [ 59 ], Glu metabolism in 
corneal columnar epithelial cells [ 60 ,  61 ], and mitochondrial dysfunction as wing 
cells undergo mitophagy [ 62 ,  63 ]. Moreover, the results suggest that GSH and other 
antioxidant systems protect the corneal endothelium and epithelium and guard the 
stromal keratocytes [ 64 ] against oxidative toxicity due to environmental factors, 
aging, normal and abnormal metabolism and infl ammation.     
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    Chapter 5   
 Transforming Growth Factor: β3 Regulates 
Cell Metabolism in Corneal Keratocytes 
and Fibroblasts 

             D.     Karamichos     ,     J.    M.     Asara    , and     J.    D.     Zieske   

      Abbreviations 

   ECM    Extracellular matrix   
  GNG    Glucogenesis   
  HCF    Human corneal fi broblasts   
  HCK    Human corneal keratocytes   
  TCA    Tricarboxylic acid cycle   
  TGF-β    Transforming growth factor-beta   

5.1           Introduction 

 The cornea is a transparent, avascular, immunologically privileged tissue. In 
humans, it has a diameter of approximately 11.5 mm and a thickness of 0.5–0.6 mm 
in the center [ 1 ,  2 ]. About 90 % of the cornea’s thickness is occupied by the stroma; 
a thick, transparent highly organized layer consisting of regularly arranged collagen 
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fi bers along with sparsely distributed keratocytes [ 1 ,  2 ]. Human corneal keratocytes 
(HCK) are a population of quiescent, mesenchymal derived cells and are found 
between the collagen lamellae of the mature corneal stroma. Despite the fact that 
HCKs only occupy 10 % of the total corneal stromal area, they are key players in 
long-term corneal transparency and integrity. Corneal stroma architecture is highly 
organized, consisting of aligned collagenous lamellae and extracellular matrix 
(ECM) components that are secreted and deposited by HCKs [ 3 ,  4 ]. 

 In the event of an injury to the cornea, HCKs that survive apoptosis become 
activated and begin the synthesis and deposition of new ECM components, widely 
known as tissue remodeling. These activated cells are known to assume a “repair 
phenotype” and are called fi broblasts. Following more severe corneal injuries or at 
the advanced stages of healing process, fi broblasts transform into myofi broblasts; 
which is the stage where ECM components are actively secreted. This transformation 
is thought to be caused by transforming growth factor-β (TGF-β). There are three 
isoforms of TGF-β, identifi ed in humans (TGF-β1, -β2, and -β3). TGF-β3 is an 
isoform that we and others have identifi ed as a potential factor for resolving corneal 
scarring [ 5 – 7 ]. In an attempt to explore TGF-β3’s effect on corneal cells we present 
here a novel study about the metabolism of corneal cells in vitro and how it can be 
altered using just a single factor; TGF-β3. 

 Despite the huge number of studies on corneal stroma and corneal cells, very 
little is known about metabolic activity of human corneal cells. Even less is known 
about the differences in metabolism between corneal keratocytes and fi broblasts. In 
this study, mass spectrometry-based metabolomics [ 8 ,  9 ], a technique developed to 
identify and quantify endogenous metabolites, was used to examine changes in 
metabolism. Metabolomics has been used successfully in ocular diseases [ 10 – 14 ] 
and we therefore wanted to investigate the metabolic differences and similarities of 
the HCKs and HCFs derived from normal individuals, using two established in vitro 
models: (a) conventional 2D cultures, and (b) self-assembled ECM-3D constructs. 

 This current chapter presents evidence for a metabolic role of TGF-β3 in HCK 
and corneal fi broblasts. Investigating the metabolic changes in two different systems 
(2D and 3D) allows us to compare cells in a monolayer culture and cells in a self- 
assembled ECM, which more closely resembles an in vivo-like condition.  

5.2     Methods 

5.2.1     Primary Cultures Established 

 HCKs and HCFs were isolated from human corneas ( n  = 3) from healthy patients 
without ocular disease. All samples were obtained from NDRI (National Disease 
Research Interchange; Philadelphia, PA). All research adhered to the tenets of the 
Declaration of Helsinki. Tissue was processed, as previously described [ 15 ]. Briefl y, 
corneal epithelium and endothelium were removed from the stroma by scraping 
with a razor blade. The stromal tissue was then cut into ~2 × 2 mm pieces and placed 
into T25 culture fl asks. Explants were cultured in Eagle’s Minimum Essential 
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Medium (EMEM: ATCC; Manassas, VA) with either 1 % (HCKs) or 10 % (HCFs) 
fetal bovine serum (FBS: Atlantic Biologicals, Miami, FL). Following 1–2 weeks of 
cultivation, the cells were passaged into 100 mm cell culture plates and allowed to 
grow to 100 % confl uence before being used in our 2 systems (2D and 3D).  

5.2.2     Conventional 2D Cultures 

 All cell types (HCKs and HCFs) were seeded in 6-well plates at 10 6  cells/well and 
cultured, for 4 weeks, in EMEM with either 1 % (HCKs) or 10 % FBS (HCFs), with 
VitC (Vit C: 0.5 mM 2- O -α- D -glucopyranosyl- L -ascorbic acid: Wako Chemicals 
USA, Inc.; Richmond, VA), and with or without T3 (0.1 ng/mL TGF-β3: R&D 
systems, Minneapolis, MN). Cultures without T3 served as Controls (C).  

5.2.3     3D Constructs 

 For the development of the self-assembled 3D ECM constructs, as previously 
described [ 6 ,  16 ], cells were plated on transwell 6-well plates containing 
polycarbonate membrane inserts with 0.4 μm pores (Costar; Charlotte, NC) at a 
density of 10 6  cells/well. Cells were cultured in identical conditions as the 2D 
cultures; EMEM with either 1 % (HCKs) or 10 % FBS (HCFs) + VitC ± T3 (0.1 ng/
mL). The cultures were allowed to grow for 4 weeks. The optimal concentration of 
T3 was previously determined by comparing a concentration series ranging from 
0.1 to 10 ng/mL [ 6 ,  16 ]. Cultures without T3 served as Controls (C).  

5.2.4     Metabolite Extraction 

 All cultured cells and constructs were collected and processed as previously reported 
[ 17 ]. Briefl y, a homogenizer was used to ground samples in ice-cold 80 % 
MeOH. Samples were centrifuged (14,000  g , 10 min, 4 °C) and supernatants 
incubated on dry ice. Pellets were further disrupted in ice-cold 80 % MeOH and 
combined with previous supernatants. Plasma metabolites were extracted twice in 
80 % ice-cold MeOH. Metabolite extracts were vortexed and centrifuged (14,000  g , 
10 min, 4 °C). Supernatants were dried and stored at −80 °C until further analysis.  

5.2.5     Targeted Mass Spectrometry 

 Liquid chromatography-tandem mass spectrometry (LC-MS/MS) was used to ana-
lyze the samples as described previously [ 18 ]. Samples were re-suspended using 
20 μL LC/MS grade water, and 5–7 μL was injected into a hybrid 5500 QTRAP 
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triple quadrupole mass spectrometer (AB/SCIEX) coupled to a Prominence UFLC 
HPLC system (Shimadzu, Columbia, MD). Samples were analyzed via selected 
reaction monitoring (SRM) of a total of 256 unique endogenous water-soluble 
metabolites for steady-state analyses. Some metabolites were targeted in both 
positive and negative ion mode, for a total of 289 SRM transitions, using positive/
negative ion polarity switching. Approximately 10–14 data points were acquired 
per detected metabolite. Samples were delivered to the mass spectrometer via 
hydrophilic interaction chromatography (HILIC) using a 4.6 mm i.d × 10 cm Amide 
XBridge column (Waters) at 375 μL/min. Peak areas from the total ion current for 
each metabolite SRM transition were integrated using MultiQuant v2.0 software 
(AB/SCIEX).  

5.2.6     Statistical and Pathway Analysis 

 We performed a two-step analysis of our fi ndings. Firstly, we analyzed and compared 
HCFs and HKCs for their metabolic differences and secondly, the effect of TGF-β3 
on their metabolism. The focus of this study was the regulation of metabolism by a 
single growth factor; TGF-β3. Therefore Table  5.1  shows our overall fi ndings, 
where Figs.  5.1 ,  5.2 ,  5.3 , and  5.4  concentrate on metabolic differences on HCFs and 
HKCs following TGF-β3 stimulation. All experiments were repeated at least three 
times and data were analyzed for signifi cant variations ( p  < 0.05) using one way 
ANOVA. Metabolic pathways were investigated based on regulated metabolites 
using Metaboanalyst 2.0 free online software (  www.MetaboAnalyst.ca    ) [ 19 ].

5.3             Results 

5.3.1     Expression of Metabolites 

 We have identifi ed 256 endogenous water-soluble metabolites of which more than 
60 were signifi cantly regulated between groups. We performed the analysis using 
only the metabolites that were up or downregulated by at least twofold. This cutoff 

    Table 5.1    Summary of the number of metabolites that were up or down-regulated following 
TGF- β3 stimulation on both 2D and 3D systems, for both cell types (HCKs and HCFs)   

 # of up-regulated metabolites  # of down-regulated metabolites 

 2D  HCK + T3  3  20 
 HCF + T3  15  1 

 3D  HCK + T3  56  3 
 HCF + T3  4  3 

  Only the metabolites passing fi ltering criteria were included (at least 2:1 up or down-regulation)  
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  Fig. 5.1    Summary of pathway enrichment analysis in 2D system. Above is a display of the diver-
sity of signaling pathways that are enriched on the basis of all the metabolites passing fi ltering 
criteria. The most signifi cant  p -values are in  red  while the least signifi cant are in  yellow  and  white . 
( a ) Pathways affected based on metabolites that were at least twofold up-regulated in HCKs com-
pared to HCFs, following TGF-β3 stimulation. ( b ) Pathways affected based on metabolites that 
were at least twofold down-regulated in HCFs compared to HCKs, following TGF-β3 
stimulation       
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  Fig. 5.2    Summary of pathway enrichment analysis in 2D system. Above is a display of the diver-
sity of signaling pathways that are enriched on the basis of all the metabolites passing fi ltering 
criteria. The most signifi cant  p -values are in  red  while the least signifi cant are in  yellow  and  white . 
( a ) Pathways affected based on metabolites that were at least twofold down-regulated in HCKs 
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  Fig. 5.3    Summary of pathway enrichment analysis in 3D system. Above is a display of the diver-
sity of signaling pathways that are enriched on the basis of all the metabolites passing fi ltering 
criteria. The most signifi cant  p -values are in  red  while the least signifi cant are in  yellow  and  white . 
( a ) Pathways affected based on metabolites that were at least twofold up-regulated in HCKs com-
pared to HCFs, following TGF-β3 stimulation. ( b ) Pathways affected based on metabolites that 
were at least twofold up-regulated in HCFs compared to HCKs, following TGF-β3 stimulation       
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was chosen in order to ensure that we included only the vastly abundant metabo-
lites. We investigated both a conventional 2D system and a 3D self-assembled 
ECM. More specifi cally, in 2D cultures, we found three metabolites signifi cantly 
upregulated in HCKs when stimulated with TGF-β3 and 20 downregulated. In con-
trast, we found 15 upregulated and 1 downregulated in HCFs (Table  5.1 ). When the 
cells were stimulated to secrete their own ECM, using our 3D system, metabolic 
regulation was altered. In HCKs, 56 metabolites were upregulated and 3 were 
downregulated, while 5 were upregulated and 3 downregulated in HCFs. 
Surprisingly, in our 3D model there were seven metabolites that were not found at 
all, in HCKs, with or without TGF-β3 and four in HCFs. Furthermore, we found 
eight metabolites that were completely missing in HCK Controls and one in HCF 
Controls. Those were identifi ed only upon TGF-β3 stimulation. While the missing 
metabolites are interesting, further investigation is needed before we can draw any 
conclusions. This chapter will discuss specifi c changes in cellular metabolism based 
on the above fi ndings.  

5.3.2     Conventional 2D Cultures: Metabolic Activity 

 Using the Metaboanalyst software, we were able to dissect which metabolic path-
ways are affected based on our raw data. In cells that are conventionally cultured 
(2D) we found signifi cant differences between HCKs and HCFs. As shown in 
Fig.  5.1a  the predicted metabolic pathways that are affected in 2D—HCKs based on 
the three metabolites that are upregulated following stimulation with T3 are: 
Butyrate, Ketone body, and Phenylalanine/Tyrosine metabolism. All of these are 
associated with energy production and suggest that T3 stimulates activation of 
HCKs. Butyrates are important for cells since they provide energy. Without them 
cells undergo apoptosis [ 20 ]. In cornea, butyrate was found to stimulate fi bronectin 
synthesis in cultured rabbit corneal blocks in situ [ 21 ]. Ketone bodies are three 
different water-soluble biochemicals that are produced by the liver from fatty acids 
and are another source of energy for the cells. In cornea, not much is known, 
however levobunolol, a ketone-containing drug, has been used on rabbit eyes [ 22 ]. 
That study concluded that levobunolol had signifi cant effects on energy metabolism 
of corneal epithelium, iris-ciliary body, and lens. Phenylalanine/Tyrosine metabolism 
is considered to be one of the key steps in signal transduction and regulation of 
enzymatic activity. Any defects in the Phenylalanine/Tyrosine metabolism may lead 
to a variety of clinical disorders, including Tyrosinemia type II which results in 
painful corneal lesions and scars [ 23 ]. 

 Surprisingly, the same pathways were predicted to be affected with HCFs 
following stimulation with TGF-b3, only this time the metabolite was downregulated 
suggesting that HCFs and HCKs metabolism is differentially affected by T3 
(Fig.  5.1b ). This would suggest that T3 is acting on HCFs positively by reducing the 
stress levels and moving the cells back towards HCKs. 
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 On the other hand, based on the 20 metabolites downregulated upon T3 stimula-
tion of HCKs, the pathways affected were: protein biosynthesis, ammonia recy-
cling, phenylalanine/tyrosine, and biotin metabolism. Ammonia recycling is 
important to be kept under control. Organisms that cannot easily and quickly remove 
ammonia usually have to convert it to some other substance, like urea which is 
much less toxic. Insuffi cient removal of ammonia is toxic. This might not be 
important on an in vitro model, such as this one, where toxins are released into the 
media but it defi nitely provides an initial indicator. In cornea, not much is known 
about ammonia metabolism; however exposure to gaseous ammonia can cause 
blindness [ 24 ]. Phenylalanine/tyrosine seems to be affected both from metabolites 
that are up and downregulated with T3 (Fig.  5.2a ) suggesting a more complex 
mechanism. 

 Based on the 15 metabolites that were upregulated with HCFs that were 
stimulated with T3, the pathways affected included: glucogenesis (GNG), glycolysis, 
RNA transcription, and biotin metabolism (Fig.  5.2b ). GNG and glycolysis are part 
of the same process and are vital in humans for maintaining blood glucose levels to 
normal. In cornea GNG is important as glucose is used as fuel source and has been 
linked to wound healing. The other two pathways RNA transcription is clearly 
important for gene expression [ 25 ,  26 ] and biotin metabolism is vital for cell growth 
and production of fatty acids [ 27 ]. Clearly T3 presence in HCFs has a predicted 
positive effect in terms of the cellular metabolism.  

5.3.3     Self-Assembled 3D Cultures: Metabolic Activity 

 Not surprisingly, the metabolic pathways affected on cells that were cultured in our 
3D self-assembled model were different between HCKs and HCFs. Figure  5.3a  is 
representation of the affected metabolic pathways in 3D—HCKs based on the 56 
metabolites that are upregulated following stimulation with T3. The most 
signifi cantly affected pathway is the RNA transcription which is the fi rst step of 
gene expression. In other words HCKs in 3D constructs can be stimulated by T3 to 
initiate gene expression which can be vital if we are to target specifi c genes. 
Furthermore, we found that citric acid cycle, also known as the tricarboxylic acid 
cycle (TCA cycle), or the Krebs cycle [ 28 – 30 ], is affected. TCA cycle is a key 
component of the metabolic pathway by which all aerobic organisms generate 
energy. TCA also provides precursors of certain amino acids as well as the   reducing 
agent       NADH     (Nicotinamide adenine dinucleotide) that is key in numerous 
biochemical reactions. In fact enzymes that are known to be involved or affect 
NADH metabolism are normally targets for drug discovery. Later in this chapter, the 
TCA and specifi c metabolites altered in both HCKs and HCFs are shown. Another 
metabolic pathway that is affected and is linked to energy is the malate-aspartate 
shuttle. The malate-aspartate shuttle is a biochemical system that generates ATP via 
translocation of electrons across cellular membranes [ 31 ]. Even though in cornea 
there are currently no studies specifi cally reporting the activity of this pathway, it is 
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easily understood that there is a key role of the malate-aspartate shuttle, at least in 
terms of cellular energy. Other notable pathways, as with the 2D system, include 
GNG and protein biosynthesis; both vital in human’s blood glucose levels and in 
cornea’s fuel supply. 

 Surprisingly though, the metabolic pathways upregulated by T3 stimulation in 
HCF—3D constructs were minimum. Only, four metabolites were signifi cantly 
upregulated: Acetylphosphate, 2,3-dihydroxybenzoic acid, Xanthurenic acid, and 
Cholesteryl sulfate. Based on these, Metaboanalyst predicted that two pathways are 
affected: Pyruvate and Tryptophan metabolism. The signifi cance, as indicated by 
the  p  value in Fig.  5.3b  suggests that only pyruvate metabolic pathway was altered. 
Pyruvate metabolism however, is very important. In fact, it is a key intersection in 
the network of metabolic pathways. Pyruvate can be converted into carbohydrates 
via gluconeogenesis, to fatty acids or energy through acetyl-CoA, and to the amino 
acid alanine. It is also the output of the anaerobic metabolism of glucose [ 32 ] which 
we saw being affected by T3 stimulation on most of our systems. Pyruvate alone 
and/or in combination with Lactate is known to be indicators for oxidative stress in 
cornea as well as being regulated in cyclodiathermy [ 33 ]. 

 T3 stimulation caused some metabolites to be downregulated on 3D constructs 
and Fig.  5.4a, b  shows the predicted pathways affected. For HCKs the Urea cycle 
and the arginine/proline metabolism (Fig.  5.4a ) was affected and for the HCFs the 
Glutathione and Vitamin B6 metabolism (Fig.  5.4b ). Urea was also affected, 
indirectly, via the ammonia recycling on our 2D system indicating similar effect in 
2D and 3D systems. The effect on arginine/proline pathway is expected since a key 
component of the arginine/proline metabolic pathway is ornithine; and ornithine is 
primarily an intermediate of the urea cycle. In cornea, arginine downregulation is 
important and has been reported as a key mechanism for corneal allografts immune 
privilege [ 12 ]. Finally, HCFs showed regulation of Vitamin B6 and Glutathione, 
with the two of them actually related. Glutathione is vital for various protective 
roles in the human body and the Vitamin B6 as pyridoxal-5′-phosphate (PLP) 
required in the formation of glutathione precursors [ 34 ]. Glutathione has been 
reported multiple times as an oxidative stress indicator while Vitamin B6 depletion 
have been shown to increase glutathione concentrations in rat liver [ 35 ,  36 ] and 
human plasma [ 37 ].  

5.3.4     TCA Regulation 

 In this paragraph we present a schematic color-coded representation of the specifi c 
metabolites that were up- or downregulated within the TCA cycle on our 2D and 3D 
systems with the two different cell types. The schematic was generated based on the 
raw data obtained from the samples. 

 TCA cycle is a series of enzyme-catalyzed chemical reactions that form a key 
part of aerobic respiration in cells. This cycle is also known as the Krebs cycle. The 
greatly simplifi ed schematic shown here starts with glucose (without actually 
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showing the glycolysis cycle) and continues with pyruvate which is the end product 
of glycolysis and the fi rst step of all types of cell respiration in the mitochondria. 
TCA cycle is not only part of the glucose pathway for the purpose of breaking down 
of glucose but is also part of all metabolites, including sugars, amino acids, and fatty 
acids. It is primarily fed from glutamine which is then converted to glutamate via 
glutaminase and then catalyzed to α-ketogluterate via glutaminate dehydrogenase. 
Within each of these groups of molecules there is always a pathway that leads into 
the TCA cycle. It is easily understood that in order for us to determine and 
characterize the metabolic differences in HCKs and HCFs we need to look at the 
TCA cycle regulation fi rst. Figure  5.5  shows the metabolites within the TCA cycle 
that were regulated in our 2D system. Oxaloacetate products such as Asparagine, 
Lysine, Methionine, and Isoleucine were downregulated in HCKs, along with 
Arginine which is downstream from α-ketoglutarate, and Alanine. No metabolites 
were upregulated in HCKs. On the other hand, HCFs showed fi ve upregulated 
metabolites; Alanine, Lactate, Citrate, Isocitrate, and Lysine. Note that Alanine and 
Lysine are the common and differentially regulated ones between HCKs and HCFs.  

 Figure  5.6  shows the metabolites within the TCA cycle that were regulated in our 
3D system. Unexpectedly, only HCK-upregulated metabolites were within the TCA 
cycle. In other words there were no metabolites up- or downregulated in HCFs and 
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  Fig. 5.5    Color-coded schematic of TCA cycle and the specifi c metabolites that were up or down 
regulated in the 2D system using HCKs and HCFs. The schematic was generated based on the 
metabolomics raw data. No metabolites were up-regulated in HCKs (    ) and none were down- 
regulated in HCFs (    ). Lysine and Alanine were up-regulated in HCFs and down-regulated in 
HCKs (    ). Asparagine, Methionine, Isoleucine, and Arginine were also down-regulated in HCKs 
(    ) while Lactate, Citrate, and Isocitrate were up-regulated in HCFs (    )       

 

D. Karamichos et al.



93

no downregulated in HCKs. This would suggest that HCFs are probably as activated 
as they are going to be in terms of their metabolism. This may prove important in 
future studies on how to regulate HCFs responses. The metabolites that were upreg-
ulated were: Asparagine, Lysine, Methionine, Oxaloacetate, Malate, Fumarate, 
Citrate, Isocitrate, Glutamate, and Arginine. This is in complete contrast with the 
2D system (Fig.  5.5 ) where no HCK upregulated metabolites were found. It is clear 
that T3 has an important impact on the TCA cycle of the HCKs in our 3D model that 
more closely represents what we see in vivo. This is true for both primary TCA 
metabolites (citrate, isocitrate, α-ketogluterate, succinate, fumerate, malate, and 
oxaloacetate) and secondary such as Lysine, Methionine, and Asparagine.    

5.4     Discussion and Conclusions 

 Although generally in the literature metabolomics have not been utilized to its full 
potential, they hold great power in identifying and perhaps provide solutions to a 
variety of diseases [ 38 ]. Our data certainly supports this since we were able to 
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  Fig. 5.6    Color-coded schematic of TCA cycle and the specifi c metabolites that were up or down 
regulated on the 3D system using HCKs and HCFs. The schematic was generated based on the 
metabolomics raw data. No metabolites were up-regulated in HCFs (    ), and none were down- 
regulated in HCFs (    ) or HCKs (    ). Asparagine, Lysine, Methionine, Oxaloacetate, Malate, 
Fumarate, Citrate, Isocitrate, Glutamate, and Arginine all were up-regulated in HCKs (    )          
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investigate, identify, and analyze a large number of metabolites that were expressed 
in two different corneal cell types HCKs and HCFs. Both these cell types have been 
studied by us [ 6 ,  7 ,  16 ], and others [ 39 – 41 ], in an attempt to understand their char-
acteristics and use their potential in vivo for treatment of corneal trauma. 

 Corneal trauma and injury can be caused by a number of ways including: 
chemical irritation or burn, scratches or scrapes, and foreign body in the eye [ 42 ]. 
Upon injury, by any of the above means, corneal wound healing and remodeling 
begins. Corneal wound healing is a process and a sequence of events which are 
dependent and controlled by many factors. Ultimately, most of these injuries will 
result in corneal scarring and some kind of vision impairment. What is important 
from clinical perspective is how the healing process can be manipulated or altered 
so the end result (scarring) is minimized. Unfortunately, much of our knowledge 
concerning corneal wound healing comes from experimental work with animals 
(mice, rats, and rabbits) [ 43 ]. There have been very limited amount of studies that 
involve human subjects. This is a problem because there are certain vital anatomical 
differences between these species, in particular the absence of Bowman’s layer in 
rodents which can cause issues when animal model results are extrapolated to 
human clinical fi ndings. 

 Understanding the mechanisms behind human corneal wound healing is 
important if we are going to treat and minimize corneal scarring. Our data here, 
using cells isolated from human subjects, indicates that there are multiple metabolic 
differences between HCKs and HCFs, two cell types that are widely known for 
different types of activities in the human corneal stroma. This is a novel approach 
for corneal scarring and it is certainly promising since the metabolic activities vary 
so much between them that we could potentially suggest a metabolic treatment for 
corneal wounds and scars. In fact, we have shown here that with the addition of a 
single growth factor, TGF-β3, we can modify important metabolic pathways such as 
the TCA cycle. 

 TCA cycle is a key component of a lot of metabolic pathways. It is involved in 
all three major groups: lipids, proteins, and carbohydrates. The end product of this 
cycle is cellular energy. TCA is a major indicator of oxidative stress and any 
ineffi cient cycling of TCA will lead to altered redox state. Our data clearly indicates 
that TGF-β3 can modulate the TCA cycle on both 2D and 3D systems. However, not 
all cell types are affected the same on both environments. TGF-β3 affected the 
HCF’s TCA cycle in 2D and HCKs in 3D. More experimental work is required in 
order to be able to safely conclude on the TGF-β3’s metabolic activity, but it is 
possible that one growth factor can alter cellular metabolic balance. More 
specifi cally, in our previous studies, we have reported that HCKs are not able to 
secrete and assemble an ECM without T3 stimulation [ 7 ]. This would correlate with 
our TCA cycle fi ndings where HCKs metabolism is activated upon T3 stimulation 
and it might be part of the reason these cells are secreting ECM upon T3 stimulation. 
On the other hand HCFs seem to be at their peak of activation, in terms of their 
metabolism, and therefore are able to secrete ECM even without T3 stimuli [ 6 ]. 

 Growth factors are rapidly emerging as a new generation of ophthalmic pharma-
ceuticals. More and more studies are suggesting that they will play a major role in 
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wound healing management in the future. Of course, wound healing in cornea is 
affected by many factors including the size of the wound, its depth, and tear quality 
and therefore further investigations are required. Understanding the role of TGF-
β3 in corneal cellular metabolism may prove to be key for the regulation of some or 
all corneal wounds.    
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6.1           Introduction: the Cornea and Its Niche of Stem Cells 

 The cornea is a tough, avascular tissue that forms a barrier between the contents of 
the eye and the outside world. Its transparency provides two-thirds of the refractive 
power required to focus light on the retina and sustain visual function. Three cellular 
components separated by Bowman’s and Descemet’s membranes work together in 
order to maintain clarity. The outermost anterior layer consists of squamous epithe-
lium up to seven cell layers deep followed by a thick corneal stroma populated by 
keratocytes and composed mainly of water and collagen type I and type IV, and a 
single-layer corneal endothelium which functions to pump water from the cornea. 
Surrounding the corneal tissue is the vascular conjunctiva, which provides moisture 
and lubrication to the ocular surface. At the junction between the cornea and 
conjunctiva resides the limbus, a transitional region that possesses 10–12 layers of 
epithelium without the presence of Bowman’s or Descemet’s membranes. Here, the 
endothelial cells display a larger, fl atter morphology compared to the endothelium 
residing in the central cornea. The limbus acts as a “reservoir” for limbal stem cells 
(LSCs) which maintain and regenerate the transparent state of the corneal surface. 
The defi ciency of LSCs results in the loss of corneal clarity compromising the visual 
axis that can lead to unilateral or bilateral corneal blindness [ 24 ]. Understanding the 
function of corneal stem cells is critical for the development of cell-based therapies 
to treat diseased cornea.  

6.2     Stem Cells in the Cornea 

 The corneal stem cell niche maintained at the limbus is composed of epithelial 
[ 24 ,  40 ] and stromal [ 4 ,  25 ,  67 ] stem cells. Although the term LSCs exclusively 
refers to the corneal epithelial progenitors, the limbal location has been described as 
common to epithelial and stromal stem cells [ 31 ]. The proximity between LSCs and 
corneal stromal stem cells (CSSCs) is thought to provide symbiotic support for their 
maintenance [ 65 ]. 

6.2.1     Limbal Epithelial Stem Cells 

 In 1971, Davanger and Evensen described the palisades of Vogt [ 17 ], a micro-
environment of cellular and extracellular components where the LSC niche was 
generally accepted to reside (Fig.  6.1 ). Later work supported the hypothesis that 
this microenvironment regulates the fate of LSCs [ 73 ,  85 ]. The close proximity of 
these undulating structures to the limbal blood vessels provides oxygen and nutrient 
supply to LSCs [ 83 ] and protects them from shearing forces [ 28 ]. Underneath the 
basement membrane, the limbal stroma appears heavily innervated, vascularized, 
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and populated by heterogeneous and poorly defi ned cells [ 29 ,  44 ,  47 ]. Although the 
anatomic features in the limbus suggest that LSCs intimately interact with cells in 
the underlying limbal stroma, the dependence of LSCs on such close interactions 
has not been demonstrated [ 47 ].  

 The discovery of robust markers of LSCs would greatly help in the isolation and 
expansion techniques for more effi cient cell-based therapies. Despite a growing list 
of phenotypic markers [ 18 ,  72 ,  86 ], the search for a unique marker to identify LSCs 
is an ongoing challenge [ 6 ,  18 ]. In 2001, Pellegrini et al. highlighted a nuclear protein 
called p63 [ 63 ], originally described with epidermal development [ 88 ], and depicted 
in Fig.  6.1  in a representative image from a human cornea. Specifi cally, positive 
staining for an isoform of p63, ΔNp63, was found in human basal epithelium and 
not in the central epithelium of human corneas [ 63 ]. Later, evidence further supported 
ΔNp63α as the main p63 isoform located within the basal to intermediate layers of 
the human limbal and conjunctival epithelia [ 37 ]. The presence of several isoforms 
of ΔNp63 was noted during corneal wounding, in correlation with limbal cell 
migration and corneal regeneration and differentiation [ 21 ]. Another group reported 
the expression of an ATP-binding cassette transporter group 2 protein, ABCG2, 
expressed by stem cells from a wide variety of sources [ 96 ]. This protein was 
associated with a group of cells called “side population” cells that facilitated the 
transport of the DNA-binding dye Hoechst. Additional work by other research 
groups located the expression of ABCG2 to a side population of corneal limbal 

  Fig. 6.1    Expression of p63 in the basal epithelium of the human limbus. Representative confocal 
microscope images of human corneas immunolabeled with antibody specifi c to the putative stem 
cell marker p63 ( green ). Nuclei were counterstained with DAPI ( blue ). Note the detection of 
p63-positive signal is stronger at the basal limbal epithelium located within the palisades of Vogt 
and becomes weaker toward the central cornea ( left panels ), where this signal is no longer present. 
 Red arrows  depict P63-positive cells at the limbus ( right panels ).  Ep  corneal epithelium,  St  cornea 
stroma. Scale bar left panel: 200 μm and right panel: 100 μm       
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epithelial cells; therefore, identifying ABCG2 as a new putative marker for LSCs 
[ 5 ,  84 ]. Beside p63 and ABCG2, a potential candidate for LSC marker was reported 
by Di Girolamo et al., who showed selective expression of the low-affi nity nerve 
growth factor receptor p75 to the limbal basal epithelium [ 20 ]. In addition to p75, 
previous groups have noted that limbal basal epithelial cells are positive for 
cytokeratin 19 [ 36 ], and integrin α9 [ 77 ]. Negative indirect markers associated with 
terminal differentiation, such as cytokeratins 3 [ 71 ] and 12 [ 8 ,  41 ], involucrin [ 9 ], and 
connexin 43 [ 53 ] have been described that help distinguish the LSC phenotype. 

 The described functional characteristics of LSCs include high proliferative 
capacity and slow-cycling [ 12 ], aspects shared with epidermal stem cells [ 43 ] that 
might signify a strategy for DNA protection [ 61 ] and to maintain stemness and 
quiescence until signaling toward their activation and proliferation is triggered [ 18 ]. 

 Although LSCs are widely believed to actively support the renewal of continuously 
shedding epithelial cells at the surface of the cornea, questions remain as to whether 
this area is the exclusive source of stem cells for the cornea [ 25 ,  82 ]. Work by 
Majo et al., introduced the controversial concept that in addition to the limbus, the 
cornea itself can harbor “stemness” [ 51 ]. Specifi cally, this study showed that serially 
transplanted mouse corneal epithelium could be self-maintained, and contained 
oligopotent stem cells. It was noted that these cells were also present throughout 
the whole cornea surface of the pig [ 51 ]. In addition to their fi ndings, the authors 
proposed that the limbus is a zone of equilibrium where the expanding conjunctiva 
and corneal epithelium meet. A disequilibrium that can result from, for example, 
extensive corneal wound would elicit the migration of LSCs into the cornea.  

6.2.2     Stromal Stem Cells 

 Funderburgh et al. [ 25 ] fi rst isolated stromal progenitor cells from bovine corneas 
under the rationale that stem and progenitor cells exhibit clonal growth. Although 
such clones did not show multipotency, they expressed markers common to mesen-
chymal stem cells (MSCs), non-hematopoietic cells with the ability for self-renewal 
and the potential for differentiation into a variety of cell lineages of mesenchymal 
origin [ 66 ]. Markers expressed by stromal progenitor cells included Bmi1, CD90 
(Thy1), CD73, CD166, ABCG2, Fhl1, stem cell factor (kit ligand), and Notch1 [ 25 ]. 
The presence of multipotent cells in the stroma was evidenced by several cornea 
stem cell researchers. A side population of cells from mouse and rabbit stroma were 
expanded clonally in attachment-free cultures as fl oating “neurospheres” [ 2 ,  91 ,  92 ] 
resembling characteristics of neural stem cells (NSCs) in vitro. Consistent with the 
rodent fi ndings, work by Du et al. identifi ed stem cells in the stroma of the human 
cornea [ 23 ]. The stromal side population cells termed as corneal stromal stem cells 
(CSSCs) could be clonally expanded and expressed astrocyte/neuronal- specifi c 
markers. 
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 Polisetty et al. [ 67 ] used a model of stromal cell culture from human limbal 
explants to propose that the limbal stroma supporting the limbal epithelium contains 
a unique population of spindle-shaped cells similar to bone-marrow-derived 
MSC relative to colony forming effi ciency, population doubling capacity, and low 
immunogenicity. Recent work consolidated the MSC-nature of stem cells in the human 
stromal limbus [ 4 ,  26 ] and showed that these cells were able to form colonies [ 26 ]. 
Moreover, these cells exhibited immunosuppressant features including inhibition of 
T cell proliferation in a TGFβ-dependent manner [ 26 ]. 

 Similar to what has been found for LSCs, no consensus has been reached regarding 
a  bonafi de  marker to identify stromal stem cells. As an example, the cell surface 
glycoprotein CD34 is a controversial marker for stem cells in the stroma [ 65 ]. In 
human cornea, CD34 was reported to be expressed by most keratocytes [ 35 ,  76 ,  80 ], 
and also by MSCs as they differentiate into keratocytes after transplantation into the 
corneas of mice [ 49 ]. Although keratocytes no longer express the eye-specifi c protein 
PAX6, the corneal stromal stem cells conserve this protein. As a consequence, the 
expression was reported to be unique for stem cells in the stroma [ 23 ,  25 ].  

6.2.3     Maintenance of the Limbal Stem Cell Niche 

 As introduced earlier, stem cells in the cornea reside within a LSC niche. In the last 
few years, there has been a concerted effort to understand how the LSC niche is 
maintained in order to facilitate corneal integrity [ 7 ,  56 ,  60 ,  87 ]. As an example, in 
an effort to elucidate how adult lineage-committed epithelial cells are regulated, 
Xie et al. [ 87 ] isolated both LSCs/limbal progenitor cells and their native niche cells 
and allowed both cell types to reunite in culture to generate sphere growth. In their 
model, blocking CXCR4 receptor either with an antagonist or neutralizing antibody, 
the investigators found a lower capacity of LSCs to form growth spheres as a result 
of a commitment toward a more differentiated state. These fi ndings suggested the 
limbal location of corneal LSCs within the LSC niche is critical for the maintenance 
of their stemness and function, which is mediated by the stromal cell-derived factor- 1 
(SDF-1) and its receptor CXCR4.   

6.3     Stem Cell Defi ciencies in the Cornea 

 Most of the current knowledge about stem cell defi ciencies involves the LSC pool 
which can be partially or totally depleted due to genetic defects, injury or infectious 
disease [ 16 ,  64 ,  74 ]. By defi nition, limbal stem cell defi ciency (LSCD) refers to a 
heterogenous group of pathologies with deleterious effects on corneal integrity and 
wound healing [ 70 ]. As a consequence of stem cell depletion, an invasion of peripheral 

6 Corneal Stem Cells: A Source of Cell Renewal with Therapeutic Potential



104

and central cornea by conjunctival epithelium may take place [ 61 ]. Such abnormal 
tissue localization induces neovascularization of the normally avascular ocular area 
and corneal opacifi cation leading to impaired visual acuity. 

 The main conditions that determine LSCD can be grouped according to their 
hereditary or acquired origins. One of the most common forms of hereditary LSCD, 
called aniridia is characterized by mutations in the PAX6 gene, a highly evolutionary 
conserved transcription factor that controls the morphogenesis of all tissues in the 
eye [ 34 ]. In aniridia, there is a “miscommunication” between the developing 
corneal epithelium and the microenvironment of the anterior compartment of the 
eye that results in the development of a signifi cant keratopathy not apparent at birth, 
but progressive from late childhood [ 11 ]. The role of PAX6 as a regulator for cell 
proliferation at the limbus was highlighted in recent work [ 32 ]. In this study, PAX 6, 
along with other putative transcription factors, was able to bind the promoter site of 
ΔNp63 leading to increased cell proliferation of limbal epithelial cells. 

 Among the common causes of acquired LSCD are chemical burns (i.e. alkali 
and acid), thermal burns, contact lens misuse, and direct instilled topical drugs 
[ 32 ,  48 ,  64 ]. In addition, acquired forms of LSCD include immune diseases, such 
as Steven- Johnson syndrome (SJS), characterized by cell apoptosis and necrosis 
resulting in epithelial detachment, greatly due to adverse drug reactions [ 64 ].  

6.4     Management of Limbal Stem Cell Defi ciency 

 Eye diseases that result from LSCD translate into a diffi cult management problem. 
From the patient’s perspective, the vision loss is partial or complete in either one or 
both eyes, and often cosmetically unsatisfactory, uncomfortable, or painful [ 75 ]. 
Clinical consequences of LSCD are recurrent or persistent ulceration of the corneal 
surface with the risk of thinning, vascularization, or infection. Under such circum-
stances, an effective treatment would offer a signifi cant improvement in quality of 
life [ 19 ,  39 ,  52 ]. Conservative treatment options for patients with LSCD include the 
use of anti-infl ammatory drugs, intensive lubrication with non-preserved artifi cial 
drops, the use of contact lenses to protect the corneal surface and provide pain relief, 
and the use of 10–20 % autologous serum eye drops to reduce infl ammation and 
promote epithelial healing [ 27 ,  50 ,  68 ,  75 ,  93 ]. 

 Regarding surgical options, earlier work by Kenyon and Tseng recommended 
limbal autograft transplantation for treatment of widespread ocular surface damage 
with loss of limbal epithelial stem cells and, specifi cally, for ocular surface defects 
such as those derived from chemical or thermal burns, and contact lens-induced 
keratopathy [ 38 ]. This method is currently in use and offers advantages such as the 
maintenance of the transplanted LSC in their natural niche, alternative sources of 
the limbal tissue (deceased donor, autologous tissue from the fellow healthy eye or 
limbal tissue donated by a living relative), and low cost [ 75 ]. An alternative technique, 
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the transplantation of ex vivo expanded limbal epithelial sheets, is a widely used 
therapy for LSC defi ciency [ 62 ]. Briefl y, this therapeutic approach consists of 
placing a small limbal biopsy removed from either the patient or a donor onto 
transplantable carriers such as denuded human amniotic membrane (AM) to 
support the migration of limbal cells to form a limbal-like epithelial sheet [ 62 ,  81 ]. 
The success of this type of LSC transplantation is obscured by the depletion of 
LSC in culture, and requires the optimization of surgical procedures, control of the 
microenvironment onto which cells are supposed to engraft, and proper pharmaco-
logical support [ 62 ,  64 ]. 

 Whether using allotransplantation or autotransplantation, the availability of 
LSCs seems to always be the limiting factor. For this reason, emphasis has been 
applied on the identifi cation of potential sources of stem cells from other organs that 
might serve as autologous sources of replacement in ocular surface diseases, as has 
been shown for example, in the case of MSCs [ 50 ], adult epidermal [ 10 ,  54 ,  55 ], or 
oral mucosal [ 3 ,  13 ,  20 ] stem cells. In the next section of this chapter, we will discuss 
the use of MSCs for the development of cell-based therapies in the eye.  

6.5     Therapeutic Potential of Mesenchymal Stem Cells 
in Treating LSCD 

 MSCs, originally isolated from bone marrow, are a type of multipotent cell popu-
lation that now are shown to reside in almost every type of connective tissue [ 15 ] 
including adipose tissue [ 94 ], cord blood [ 59 ], and oral tissue [ 78 ,  95 ]. MSCs are 
characterized as a heterogenous population of cells that proliferate in vitro as plastic 
adherent cells with spindle-shaped morphology [ 66 ]. Based on surface markers, 
these cells are distinguished from hematopoietic cells by being negative for CD11b, 
CD14, CD34, CD45, and human leukocyte antigen (HLA)-DR, but expressing 
CD73, CD90, and CD105. Along with phenotypic markers, the capacity to differen-
tiate into multiple mesenchymal lineages including osteocytes, chondrocytes, and 
adipocytes is used as criteria to defi ne MSCs [ 22 ]. 

 Due to their immunosuppressive properties, MSCs are extensively studied as 
new therapeutic tools for a variety of clinical applications, such as cases of graft-
versus- host disease [ 46 ,  45 ] and autoimmune disorders [ 79 ]. In the last few years, 
encouraging results have highlighted the potential of MSCs in the treatment of 
ocular surface defects in animal models [ 33 ,  50 ,  57 ,  90 ]. However, the potential of 
these cells to differentiate into epithelial cells as needed to treat LSCD in human 
patients requires to be further examined. 

 Since chemical burns are a common cause of LSCD, animal models using this 
type of injury have been developed in order to test the benefi cial effects of bone-
marrow- derived adult MSCs on corneal surface repair. For instance, Ma et al. 
presented a study comparing the therapeutic effi cacy of transplantation of human 
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MSCs and LSCs in a rat model [ 50 ]. In their work, transplantation of human MSCs 
on amniotic membrane, like LSCs in amniotic membrane, could reconstruct severely 
damaged rat corneal surface suggesting a new method to treat corneal disorders. 
Specifi cally, it is tempting to speculate based on these results that one could use the 
patient’s own MSCs to treat their unique corneal disorder without the complications 
due to allotransplantation-induced immunorejection. Experimentally, the engraftment 
of systemically transplanted MSCs into locally injured rabbit cornea was shown 
by Ye et al. [ 90 ]. According to this study, MSCs could be home to the alkali- burned 
cornea, differentiate in response to the local microenvironment, and stimulate local 
repair response, promoting wound healing upon injury. Along with their repair 
effect, the presence of MSCs stimulated the proliferation of LSCs which we interpret 
to suggest that the MSCs that migrated into the wounded limbal and corneal areas 
exerted a positive infl uence on the native cornea cell proliferation. 

 Regarding the mechanism/s of action of MSCs, one group reported the topical 
application of either MSCs or MSC-derived conditioned media restored the stem 
cell niche in the chemically burned rat cornea through anti-angiogenic and anti- 
infl ammatory activities of MSCs [ 57 ]. When analyzing the levels of soluble factors 
related to angiogenesis and infl ammation, the authors found thrombospondin-1 
(TSP-1), a powerful anti-angiogenic factor, was elevated while metalloproteinase-2 
(MMP-2), a pro-angiogenic factor, was decreased upon MSC treatment. In addition, 
MSCs increased the levels of IL-10 and TGFβ resulting in reduced infi ltration of 
infl ammatory cells in the chemically burned tissue. Consistent with the restoration 
effect mediated by soluble factors, further studies revealed other potential therapeutic 
factors as part of the mechanism(s) of action of MSCs in the damaged cornea, 
such as the multipotent anti-infl ammatory protein tumor necrosis factor (TNF)-α- 
stimulated gene/protein 6 (TSG-6) [ 58 ,  69 ]. Of interest, and controversial with the 
idea that MSCs require engraftment into the injured cornea to promote wound 
repair, another group reported that intraperitoneal and intravenous administration of 
human MSCs suppressed the development of corneal infl ammation and opacity 
after chemical injury without engraftment of the cells in the cornea [ 69 ]. In support 
of the anti-infl ammatory and angiostatic effects of MSCs, downregulation of the 
macrophage infl ammatory protein-1 (MIP-1α), tumor necrosis factor α (TNFα), and 
vascular endothelial growth factor (VEGF) mRNA expression was found upon 
subconjunctival injection of MSCs into wounded corneas [ 89 ]. 

 The impact of corneal injury on the homeostasis of endogenous MSCs is poorly 
understood. A recent report presented evidence that as a result of corneal injury, an 
increase in the frequency of circulating endogenous MSCs and elevated levels of the 
stem cell-specifi c chemoattractants SDF-1 and substance P was found in the periph-
eral blood [ 42 ]. These results implied that one or more of the soluble factors such as 
SDF-1 or substance P may be key to mobilize MSCs to home specifi cally to the 
injured cornea. An important question to address when considering the therapeutic 
application of MSCs in treating LSCD is whether the transplanted cells are able to 
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differentiate into corneal epithelial cells. In this regard, a study found MSCs could 
be induced to transdifferentiate into corneal epithelial cells by corneal stromal cells 
in a transwell system and furthermore, such transdifferentiated MSC could then be 
seeded on a human amniotic membrane in an LSCD rat model [ 33 ]. The outcome of 
this approach was the reconstruction of the corneal epithelium with improved 
corneal opacity and neovascularization [ 33 ]. 

 Beside the use of MSCs originated from the bone marrow to treat damaged 
corneas, recent work demonstrated intrastromal transplantation of human umbilical 
MSCs (UMSCs) was successful to treat ocular defects of mucopolysaccharidosis 
VII mice, a model of human corneal congenital metabolic disease [ 14 ]. The fi ndings 
included human UMSCs survived rejection and differentiated into resident stromal 
cells, ameliorating the corneal clouding due to abnormal accumulation of glycos-
aminoglycans in this disease model. 

 Unlike animal models, evidence based on the effi cacy of MSCs to treat human 
corneal disease is limited. A recent case report described the topical application of 
autologous adipose-derived MSCs to promote corneal epithelial healing in a patient 
with post-traumatic persistent corneal epithelial defect refractory to other treat-
ment options [ 1 ]. Although these results suggest MSC transfer might be a feasible 
approach for corneal regeneration, further studies are required to establish the 
therapeutic effi cacy and safety of MSC application in the treatment of corneal 
disorders.  

6.6     Concluding Remarks 

 Despite some controversial fi ndings it is widely accepted the cornea does not 
contain stem cells and its epithelial cells are renewed by transient amplifying cells 
generated by asymmetric divisions of LSCs, residing at the limbus of the eye [ 30 ]. 
Failure to maintain a functional pool of LSCs due to injury, genetic, or infectious 
disease has detrimental effects on vision by causing LSCD, characterized by inva-
sion of conjunctival cells onto the cornea, and resulting neovascularization and 
infl ammation of the normally avascular ocular surface. Surgical interventions to 
treat such disease include the successful use of limbal grafts and ex vivo expanded 
epithelial sheets for transplantation. However, whether using allotransplantation or 
autotransplantation, the caveat these procedures face is the limited availability of 
LSCs. The use of stem cells from different sources other than the limbus, such as 
MSCs, has emerged as a promising therapeutic alternative that in the last decade has 
been tested benefi cial in a variety of animal models of LSCD. Further studies are 
needed to expand our knowledge on the mechanisms of action of MSCs, and their 
potential and effi cacy as stem cell sources of replacement in ocular surface diseases 
(see Fig.  6.2  for summary).      
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 New Agents for Treating Dry Eye Syndrome 
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7.1             Introduction 

 The trilaminar tear fi lm consists of a mucinous basal layer, an aqueous midphase 
secreted from the lacrimal gland and accessory lacrimal glands and a superfi cial 
Meibomian gland-derived lipid layer [ 1 ]. Dry eye syndrome (DES) describes a 
group of disorders characterized by an inadequate quality and/or volume of tears 
resulting in chronic corneal and conjunctival dryness together with defi ciencies of 
all layers of the tear fi lm [ 2 ,  3 ]. 

 DES is common with 5–30 % of people aged 50 years and older suffering from 
DES symptoms; approximately two-thirds are women [ 4 ,  5 ]. The prevalence is 
increasing due to an aging population and increased exposure to exacerbating fac-
tors; these include contact lens wear, dry or humid indoor environments, prolonged 
computer use and prescribed medications such as antidepressants, antihistamines, 
and antihypertensives [ 6 – 11 ]. 

 DES is characterized by symptoms of foreign body sensation, irritation, dryness, 
light sensitivity, and itching. Biomicroscopic examination, enhanced with fl uores-
cein staining to detect ocular surface irregularities, may reveal defi cient tear volume 
and/or distribution, superfi cial punctate erosions, epithelial defects, and corneal 
 fi laments. In severe cases this may lead to corneal ulcers, thinning, or perforation 
[ 12 ,  13 ]. DES signifi cantly interferes with normal visual function, daily activities, 
social and physical functioning, workplace productivity and quality of life [ 14 ,  15 ]. 

 DES may be caused by decreased aqueous tear production or excessive tear 
evaporation; the two frequently coexist [ 16 ]. Decreased tear production, known as 
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aqueous insuffi ciency or keratoconjunctivitis sicca, is characterised by lacrimal 
gland hyposecretion and may be due to infl ammatory conditions, including Sjogren’s 
syndrome. It is treated with surface lubrication, punctual occlusion, and anti- 
infl ammatory agents. Excessive tear evaporation is due to dysfunction of the lipid 
layer. This results in a rapid tear fi lm breakup despite normal aqueous production; 
treatment involves improving the fl ow and quality of Meibomian gland secretions. 

 The treatments outlined in this chapter predominantly focus on decreased aque-
ous tear production (aqueous insuffi ciency); however successful treatment invari-
ably involves concordantly addressing disturbances in the lipid layer. 

 DES has a multifactorial pathophysiology involving osmotic, mechanical, and 
infl ammatory insults to the tear fi lm, epithelium, and subepithelial nerve plexus. 
Aqueous defi ciency results in increased tear osmolarity. This leads to ocular surface 
epithelial cell desiccation, stimulating osmotic stress-induced pathways: mitogen- 
activated protein kinases c-Jun N-terminal kinase, extracellular signal-related kinase, 
and p38 [ 17 – 19 ]. Key transcription factors (nuclear factor κB and activator  protein 1) 
are stimulated. This leads to increased production of TNF-α, IL-1 and IL-6 (pro-
infl ammatory cytokines), chemokines, and matrix metalloproteases. This pro-
infl ammatory signal activates antigen presenting cells [ 19 ,  20 ]. The subsequent 
immune response predominantly involves CD4+ helper T-cell (T H ) subsets 1 and 17 
[ 21 ]. In response to the immunological drive there is epithelial dysfunction, squa-
mous metaplasia, decreased epithelial barrier function and reduced goblet cell num-
ber and secretory function that increases surface instability [ 22 – 25 ]. Immune drive 
leads to vascular endothelial growth factor expression, with limbal lymphangiogen-
esis and further recruitment of infl ammatory cells and mediators [ 26 ]. The infl am-
matory and mechanical insults cause exposure of subepithelial corneal nerve 
plexuses, resulting in altered structure and number of the sub-basal nerves [ 27 ,  28 ]. 

 Aqueous defi ciency is most commonly treated with lubricating eye drops, oint-
ments, and punctual occlusion. These measures are used initially and provide symp-
tomatic relief. There has been signifi cant research in recent years into topical and 
systemic treatments that target ocular surface infl ammation to promote a healthy 
ocular surface and tear complex [ 3 ]. Tear fi lm and ocular surface epithelial cell 
cytokines, chemokines, major histocompatibility complex antigens, cell adhesion 
molecules, and matrix metalloproteases are novel potential molecular targets, as are 
pro-secretory adenosine receptor stimulators [ 29 – 35 ]. This chapter outlines some of 
the new and potential future treatments available for treating DES, including their 
advantages and limitations.  

7.2     Agents used to treat Dry Eye Syndrome 

7.2.1     Ocular Lubricants 

 Artifi cial tears are commonly used to lubricate the ocular surface; these control 
symptoms in most cases of DES. The active ingredient of these solutions is a hydro-
philic molecule with polymerised polysaccharide additives that determine hydration 
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and viscosity (Table  7.1 ). In addition the solutions contain water, electrolytes, and 
buffers. The more viscous solutions have a longer duration of effect but can blur 
patients’ vision [ 36 ,  37 ].

   Most available solutions contain a preservative. The preservative prevents bacte-
rial colonization and growth within the bottle; however, the emulsifying effect of the 
preservative can destabilize the ocular surface and cause additional discomfort. 
Formulations of non-preserved eye drops (dispensed in small plastic minims) are 
available for severe cases of DES, patients with preservative allergy, and for cases 
requiring frequent drop instillation (more than four drops daily) to avoid preservative 
toxicity. Various products have been specifi cally formulated to address specifi c defi -
ciencies in the tear fi lm. Some are designed to improve surface wettability as hypo-
tonic solutions counteracting hypertonicity [ 38 ], or to dilute and physically remove 
noxious surface substances [ 39 ], prevent tear evaporation by supplementing the lipid 
layer [ 40 ], or prevent tear fi lm breakup by supplementing the mucin layer [ 41 ].  

7.2.2     Corticosteroids 

 Corticosteroids (Table  7.2 ) bind to and activate the cytoplasmic glucocorticoid 
receptor, inducing a wide range of effects including inhibition of pro-infl ammatory 
and promotion of anti-infl ammatory gene transcription in leukocytes as well as pro-
moting lymphocytic apoptotic pathways [ 42 ]. Corticosteroids improve both the 
symptoms and signs of DES. Their benefi cial effect has been documented in a vari-
ety of clinical and laboratory studies [ 43 – 46 ]. However their use is not routine 
owing to a number of ocular complications, most notably cataract, ocular 

   Table 7.1    Commonly used artifi cial tear lubricants and commonly used preservatives   

 Commonly used lubricating agents and preservatives 

 Low Viscosity  Sodium hyaluronate 
 Polyvinyl alcohol 
 Hydroxypropyl methylcellulose 
 Glycerin 
 Polyethylene glycol 

 Medium Viscosity  Carbopol 
 Carboxylmethylcellulose sodium 1 % 

 High Viscosity  Mineral oil 
 Paraffi n 
 White petrolatum 

 Preservative  Benzalkonium chloride 
 Sodium chlorate 
 Sodium perborate 
 Purite  ®  (Allergan, Irvine, CA, USA) 
 Polyquad  ®  (Alcon, Fort Worth, TX, 
USA) 
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hypertension that can lead to glaucoma, and opportunistic infection; consequently 
they are unsuited to long-term management strategies. They are useful in brief 
courses to manage acute exacerbations of DES. Generally more potent topical cor-
ticosteroid agents are associated with a greater incidence and severity of ocular 
complications. Certain milder agents, or agents with poor intraocular penetration 
have a reduced effect on cataractogenesis and raised intraocular pressure but may 
still be useful in controlling ocular surface infl ammation in DES [ 47 ].

7.2.3        Nonsteroidal Anti-Infl ammatory Drugs 

 Topical nonsteroidal anti-infl ammatory drugs (Table  7.2 ) can be effective in some 
ocular infl ammatory diseases but have not been consistently shown to be effective 
in the management of DES [ 45 ,  48 ]. They can induce ocular complications such as 
reduced corneal sensitivity that can lead to persistent epithelial defects and corneal 
thinning; rarely they are associated with progressive corneal lysis. For these reasons 
they are not commonly used in the management of DES [ 49 ].  

7.2.4     Tetracycline Derivatives 

 Tetracyclines have a signifi cant effect on Meibomian gland dysfunction, improving 
fl ow and constitution of secretions primarily through inhibition of matrix metallo-
protease activity [ 50 ]. In addition to stabilizing the lipid layer they have a modest 
anti-infl ammatory effect on the ocular surface that may be benefi cial in aqueous 
defi ciency [ 20 ]. 

    Table 7.2    Commonly used topical corticosteroid and nonsteroidal anti-infl ammatory agents   

 Topical Corticosteroids 
 Potency: mild  Hydrocortisone acetate 0.5 % or 1 % 

 Fluoromethalone 0.1 % 
 Potency: moderate  Fluoromethalone acetate 0.1 % 

 Prednisolone phosphate 1 % 
 Rimexolone 1 % 
 Loteprednol etabonate 0.2 % or 0.5 % 

 Potency: strong  Dexamethasone 0.1 % 
 Prednisolone acetate 1% a  

 Topical nonsteroidal anti-infl ammatory drugs 
 Agent  Ketorolac tromethamine 0.5 % 

 Diclofenac sodium 0.1 % 
 Flurbiprofen sodium 0.03 % 

   a Occasionally formulations are combined with epinephrine; this combination is generally not 
 recommended for DES  
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 Pro-infl ammatory epithelial cell surface antigens, including MHC Class II 
 molecules, are downregulated by minocycline [ 51 ]. Osmotic stress-related 
 cell- signaling pathways in epithelial cells, including c-Jun N-terminal kinase, extra-
cellular signal–related kinase and mitogen-activated protein kinase in epithelial 
cells, are inhibited by doxycycline [ 52 ]. Consequently there is reduced production 
of pro-infl ammatory cytokines by these cell-signaling pathways. 

 Tetracyclines are most commonly administered orally, however, topical formu-
lations are available; experimental evidence suggests that liposomal-bound topi-
cal doxycycline may have increased bioavailability than non-liposomal topical 
preparations [ 53 ]. Dry eye related to Meibomian gland disease and contact lens 
wear can be successfully treated with topical azithromycin at 1 % concentration 
[ 54 ,  55 ].  

7.2.5     Vitamin A 

 Vitamin A (retinol) is an important tear fi lm component that maintains a moist 
mucosal ocular surface [ 56 ]. Stored and refl exively secreted from the lacrimal 
gland, retinol infl uences gene transcription controlling proliferation and differen-
tiation of corneal and conjunctival epithelial cells, preventing keratinization and 
squamous metaplasia [ 57 ]. A rabbit model of dry eye suggested that topical reti-
noic acid may be protective for osmotically stressed keratoconjunctival epithelial 
cells [ 58 ]. 

 Topical vitamin A (retinol palmitate) is readily available for the treatment of 
dry eye ( ®  AFT Pharmaceuticals, Australia). As an emulsion it predominantly 
improves signs rather than symptoms of DES [ 59 ]. However, a recent clinical trial 
compared topical retinoic acid administered four times daily to cyclosporine 
administered twice daily; both had similar positive effects on the signs and symp-
toms of DES [ 60 ].  

7.2.6     Secretagogs 

 Mucin is an essential component of the tear fi lm basal layer critical for lubrication 
of the corneal and conjunctival epithelial surfaces. Secretagogs stimulate secretion 
of mucin; this reduces instability of the tear fi lm commonly associated with DES. 

7.2.6.1     Bromhexine 

 Bromhexine, an oral mucolytic agent, reduces the viscosity of mucous secretions of 
the respiratory tract. It has also been shown to improve symptoms and objective 
signs of ocular surface disease in Sjogren’s Syndrome [ 61 ].  
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7.2.6.2     Diquafosol tetrasodium 

 Diquafosol tetrasodium is a mucin secretagog that has been shown to ameliorate 
symptoms and ocular surface features of DES [ 62 ]. It is a topical P2Y 2  receptor 
agonist; activation of the P2Y 2  receptor, a Gq protein-coupled adenosine triphos-
phate receptor, causes chloride channel opening resulting in nonglandular secretion 
of water and mucin [ 63 ]. Topical diquafosol at 3 % concentration (Diquas ®  (Inspire 
Pharmaceuticals, Raleigh, NC, USA) gained approval for the treatment of DES in 
Japan in 2010.  

7.2.6.3     IB-MECA (CF101) 

 IB-MECA (CF101) is an oral purine receptor agonist that has been evaluated as a 
potential future treatment for DES. Adenosine receptor binding of this agent  initiates 
signal transduction to downregulate protein kinases and TNF- α  production down-
stream [ 64 ]. A phase II multicenter, double-masked, randomized placebo- controlled 
trial involving CF101 administered to 68 subjects with DES resulted in improved 
tear fi lm breakup time, corneal epithelial staining and volume of the tear meniscus 
after 12 weeks [ 65 ].   

7.2.7     Autologous Serum 

 Autologous serum (AS) contains crucial tear fi lm components such as neuro-
trophic growth factor, epidermal growth factor, vitamin A, fi bronectin, and lyso-
zyme. These key molecular and trophic factors optimize the ocular surface; 
accordingly AS is used relatively commonly in ocular surface disease and DES 
unresponsive to topical immunosuppressive agents [ 66 ]. Compounded from 
patients’ own blood, AS is an important therapeutic option for DES as well as 
other ocular surface conditions such as superior limbic keratoconjunctivitis, per-
sistent epithelial defects and neurotrophic keratopathy [ 67 ]. AS can be prepared at 
a dedicated blood-bank service or with the use of an offi ce-based centrifuge. 1–2 
units of blood is donated by the patient each time AS is formulated; diluted or 
undiluted serum is extracted and stored in small plastic minims. These can be used 
immediately or frozen. The process is repeated as required, generally 6–12 
monthly; newer preparation and storage techniques have been developed to opti-
mize stability of growth factors and other ingredients [ 68 ]. Several randomized 
clinical studies have reported AS to have a superior effect over non-preserved 
 artifi cial tears in the treatment of DES [ 69 ,  70 ].  
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7.2.8     Cyclosporine A 

 Topical cyclosporine A (CsA) has been commonly used in the treatment of DES 
since FDA approval was granted in 2003 for a 0.05 % ophthalmic emulsion (Restasis; 
Allergan, Inc., Irvine, CA) [ 71 ]. As a potent immunosuppressive CsA exerts its 
effect by binding to intracytoplasmic chaperone proteins cyclophilins A and D. The 
cyclosporine–cyclophilin A complex inhibits calcineurin phosphatase, a pro-infl am-
matory transcription factor that stimulates T lymphocyte cytokine production 
including IL-2 [ 72 ]. This is complementary to the infl uence of the cyclosporine–
cyclophilin D complex which reduces the permeability of mitochondria, preventing 
pro-apoptotic enzyme release such as cytochrome c and other mediators of pro-
apoptotic caspase pathways [ 73 ]. Topical CsA administered for 3–6 months reduces 
surface expression of apoptotic markers including CD40, CD40 ligand, and Fas in 
addition to immunologic markers such as HLA-DR [ 32 ,  74 ]. These are expressed at 
increased ocular surface levels in patients with DES. Other markers of CsA-induced 
anti-infl ammatory activity include increased density of mucin- secreting goblet cells, 
reduced squamous cell metaplasia, and increased tear fl ow; the latter may be medi-
ated by release of parasympathetic-associated neurotransmitters [ 75 ,  76 ]. In clinical 
evaluation a randomized, double-masked, placebo- controlled, dose-ranging clinical 
trial demonstrated CsA to provide signifi cant improvement in symptoms and signs 
with the 0.05 % dosage most effective [ 77 ,  78 ]. 

 CsA has very low solubility in aqueous solutions and the tear fi lm, resulting in 
highly variable and incomplete absorption from conventional topical formulations 
[ 3 ,  79 ]. This is largely due to its structure consisting of a rigid cyclic peptide with 
four intramolecular hydrogen bonds that is highly hydrophobic [ 80 ]. To counteract 
its low bioavailability several methods of drug delivery have been developed. The 
preservative benzalkonium chloride enhances corneal penetration by disrupting epi-
thelial cell barriers; however, it also increases surface irritation [ 81 ]. Microspheres, 
micelles, cyclodextrins, nanoparticles, and liposomes have been used—each system 
working by surrounding the hydrophobic CsA to enhance corneal penetration; how-
ever, these are typically associated with rapid clearing of CsA from the tear fi lm 
[ 82 – 85 ].  

7.2.9     Calcineurin Phosphate Inhibitors 

 Calcineurin phosphate inhibitors exert their anti-infl ammatory effect by forming a 
complex with intracellular macrophilin-12, which inhibits calcineurin-related 
 transcription of T lymphocyte pro-infl ammatory cytokines [ 86 ]. Commercially 
available topical calcineurin phosphate inhibitors include tacrolimus (Protopic, 
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Astellas, Tokyo, Japan) and pimecrolimus (Elidel, Novartis, Basel, Switzerland). 
Although initially developed for the treatment of atopic dermatitis [ 87 ], topical 
tacrolimus has good effi cacy in the treatment of DES [ 88 ]. A more recently devel-
oped topical calcineurin phosphate inhibitor, LX-214 (voclosporin), was shown in a 
phase I study to be well tolerated [ 89 ]. It has been suggested that in addition to their 
anti- infl ammatory effect, topical skin preparations applied on the eyelids may 
improve meibomian gland function. No topical calcineurin phosphate inhibitors 
have yet received FDA approval for DES. 

 When systemically administered, calcineurin phosphate inhibitors may have a 
contributory role in oncogenesis; this trend has been mostly noticed when used post 
organ-transplantation associated with non-melanoma skin cancers and lymphopro-
liferative malignancy [ 90 ]. Whether this risk translates to topical administration is 
unclear; however, a certain amount of systemic absorption occurs with the use of all 
topical ophthalmic preparations and can be minimized by digital occlusion of the 
lacrimal sac and puncta or use of punctual plugs.  

7.2.10     Essential Fatty Acids 

 Dietary supplements of oral essential polyunsaturated fatty acids (FAs) omega-6 
(linolenic acid) and omega-3 (α-linolenic acid) have been shown to be benefi cial in 
various infl ammatory conditions including ulcerative colitis, Sjogren’s syndrome, 
and rheumatoid arthritis [ 91 ]. Essential fatty acids are precursors essential for syn-
thesizing eicosanoids. Eicosanoids include prostacyclins, prostaglandins, leukotri-
enes, and thromboxanes which are all involved in key modulatory functions of 
immune activation. In general, omega-3 is anti-infl ammatory and omega-6 is pro- 
infl ammatory [ 92 ]. Omega-3 FAs reduce levels of key pro-infl ammatory eicosanoids 
including prostaglandin E2, leukotriene B4, and cytokines IL-1 and TNF [ 93 ,  94 ]. 

 Topical application of omega-3 has a clinically and experimentally demonstrated 
anti-infl ammatory effect [ 93 ,  95 ]. Resolvin E1, a topically administered omega-3 
FA derivative, was evaluated in a murine model of DES, and promoted corneal epi-
thelial integrity, tear volume and decreased COX-2 expression [ 96 ]. It has recently 
been investigated clinically and has completed Phase II investigation [ 97 ].  

7.2.11     Mucoprotective agents 

 Rebamipide is a mucoprotective agent that stimulates mucus secretion by inducing 
prostaglandin E2 production [ 98 ]. It is occasionally used to treat gastric ulcers. 
It has been evaluated as an ocular surface mucoprotective agent. Experimental work 
suggests that it improves ocular surface mucin secretion; current Phase III 
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investigation is underway evaluating it as a treatment for DES [ 99 ]. Ecabet sodium, 
also used for ulcers of the gastrointestinal tract, is another medication that upregu-
lates prostaglandin E2 pathway and mucous production. It is also currently being 
evaluated for the treatment of DES with phase III investigation [ 99 ].   

7.3     Future Directions 

 With ongoing discovery of new molecular targets, increased understanding of the 
immunopathogenesis of DES and the success of new systemic anti-infl ammatory 
agents including biological agents in treating infl ammatory disease there is likely to 
be several new therapeutic agents to treat DES in the near future. A comprehensive 
review of therapeutic targets currently under investigation is beyond the scope of 
this chapter; however, a few will be discussed. 

 Tasocitinib (CP-690,550, Pfi zer, New York, NY) is a Janus kinase 3 (JAK) inhib-
itor that has shown promise for treating rheumatoid arthritis and increasingly there 
is supportive evidence for its role in other infl ammatory diseases [ 100 ]. JAKs are 
receptor-associated kinases involved in pro-infl ammatory cytokines signal trans-
duction that are specifi c to immune cells [ 101 ]. Aquaporins infl uence lacrimal gland 
fl uid secretion, and their expression in Sjogren’s disease is altered; [ 102 ] aquaporin 
may have a role as a potential therapeutic target in DES but this is not yet elucidated. 
Other molecular targets implicated in DES immunopathogenesis include integrin 
α4β1 and the T H 17 subset of lymphocytes; these may have a role in treating DES 
[ 103 ,  104 ].  

7.4     Conclusion 

 DES is a common, chronic ocular surface disorder that causes reduced visual func-
tion, surface discomfort and can affect workplace productivity and quality of life. 
Treatment of DES predominantly involves a combination of ocular surface lubri-
cants and topical anti-infl ammatory agents. Some agents such as corticosteroids and 
cyclosporine A have an established role in the treatment of DES; more are currently 
undergoing evaluation in clinical trials. As knowledge of the immunopathogenesis 
of DES grows, there is the potential for new therapeutic targets to be identifi ed and 
evaluated as therapeutic agents. The process of translation of experimental to clini-
cal evaluation is key to this process; hopefully new immunomodulatory and tear-
fi lm enhancing agents will lead to improved management for patients with DES.     
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  MRP    Multidrug resistance-associated protein   
  MS    Mass spectrometry   
  PEPT    Peptide transporter   
  PMP70    Peroxisomal membrane protein of 70 kDA   
  RT-PCR    Reverse transcription polymerase chain reaction   
  SLC    Solute carrier   
  VDAC    Voltage-dependent anion channel   

8.1           Introduction 

 The major barrier to developing safe and effective new treatments for ocular diseases 
is the identifi cation and implementation of effective methods of drug delivery [ 1 ]. 
Anatomic barriers and physiologic clearance mechanisms restrict the penetration of 
drugs into the eye globe [ 2 ]. Current delivery options are far from ideal because they 
involve repeated injections to deliver drugs directly inside the eye globe [ 1 ]. 
Intravitreal injection is the delivery method leading to the best intraocular 
bioavailability [ 2 ]. Therapeutic concentrations are easily reached with this method 
but intraocular clearance mechanisms cause the drug concentration to decrease over 
time, requiring repeated injections [ 2 ]. It is the most invasive method and is 
associated with the highest complication risks such as cataract, infection, or retinal 
detachment [ 2 ]. Thus, without an effective and safe drug delivery system, many 
compounds that show promise at the bench or in preclinical testing are failing 
clinically. 

 Topical delivery would have clear advantages over intraocular injection because 
it is noninvasive and it is compatible with a long-term treatment plan that could be 
conveniently auto-administered by patients. However, by contrast to intraocular 
injection, this method leads to the lowest intraocular bioavailability for most 
molecules [ 2 ]. To enter the eye globe after topical administration, drugs have to 
cross the blood-aqueous barrier formed by the tight junctions of the corneal 
epithelial cells. Alternatively, drugs can penetrate through the conjunctival/scleral 
route. The barrier for penetration through this route is the conjunctiva, which is 
lined with a stratifi ed columnar epithelium with tight junctions, resting on a 
continuous basal lamina, forming a tight epithelial barrier. These corneal and 
conjunctival barriers, combined with the precorneal tear turnover and drainage 
mechanisms seem to pose insurmountable problems for effi cient topical drug 
delivery to the inside of the eye. Indeed, the intraocular bioavailability of most 
compounds following topical delivery ranges from 0 to 0.0004 % [ 2 ]. 

 Interestingly, a small number of topically administered drugs have been shown 
to effi ciently reach the inside of the eye [ 3 – 5 ]. These drugs might be transported 
by endogenous transport mechanisms, which physiological role is the transport of 
nutrients through biological barriers. The identifi cation of these transport mecha-
nisms would be an important step to rationalize any efforts to improve ocular pen-
etration and bioavailability of topical ophthalmic drugs. They could be specifi cally 
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designed to take advantage of existing transport mechanisms, allowing effective 
penetration [ 6 ]. 

 The dipeptide derivative carcinine (β-alanyl-histamine) is a multifunctional 
 antioxidant combining interesting biological properties such as the scavenging of 
reactive oxygen species, the reduction of lipid hydroperoxides, and the quenching 
of toxic end-products of lipid peroxidation [ 7 ]. We have previously demonstrated 
in vitro that carcinine can quench 4-hydroxynonenal (4-HNE), one of the most 
abundant and most toxic product of lipid peroxidation [ 8 ]. The formation of an 
adduct between carcinine and 4-HNE prevents and even reverses the adduction of 
proteins by 4-HNE [ 8 ]. In cells, modifi cation of proteins by 4-HNE typically 
inactivates their function and is followed by their rapid degradation. Since oxidative 
damage is associated with multiple ocular diseases, the possibility to use carcinine 
as a therapeutic to prevent and reverse oxidative damage on proteins in ocular 
tissues is promising. In the current study, we show that carcinine is one of the few 
compounds that can penetrate the eye globe and effi ciently reach posterior segment 
tissues upon topical administration in the form of eye drops. We then investigated 
the transport route allowing carcinine to effi ciently penetrate the eye. We used the 
immortalized human corneal epithelial cells (HCECs) to investigate carcinine 
uptake in these cells with the rational that if a carcinine transporter was identifi ed, it 
could be exploited to increase the penetration of other ophthalmic drugs. We further 
reasoned that any other transporter identifi ed on HCECs could potentially be 
exploited, so we investigated the expression profi le of 84 transporter genes in 
these cells. We found that several genes encoding membrane transporters mediating 
the infl ux of amino acids ( SLC38A2 ,  SLC3A2 , and  SLC7A5 ), monocarboxylate 
( SLC16A1 ), and copper ( SLC31A1 ) were expressed at high levels in HCECs. These 
corneal transporters are promising targets for the design of modifi ed ophthalmic 
drugs with increased ocular penetration and bioavailability.  

8.2     Carcinine Effi ciently Penetrates the Eye Globe 

8.2.1     Retinal Levels of Carcinine Following Topical 
Administration 

 We used our previously described HPLC/MS method to quantify the amount of 
carcinine in the mouse retina, following topical administration of 0.2 M carcinine 
eye drops [ 8 ,  9 ]. All animals were maintained and handled according to institutional 
guidelines and the ARVO Statement for the Use of Animals in Ophthalmic and 
Vision Research. A time-dependent accumulation of carcinine was found in the 
retina after administration of 1 drop (Fig.  8.1a ). A peak of ~100 ng of carcinine/
retina was found 30 min after administration, and this level rapidly decreased to less 
than ~25 ng/retina. When we administered a second eye drop of 0.2 M carcinine, 1 h 
after the fi rst, the peak of retinal carcinine reached ~100 ng/retina in 30 min again 
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but this time the carcinine level remained constant for the following 30 min and 
stayed higher (~50 ng/retina) during at least 1 h. After only 1 application, a dose- 
dependent accumulation of carcinine was found in the retina when using between 
0.0125 and 0.2 M carcinine in the eye drop formulation (Fig.  8.1b ). There was no 
further increase in retinal carcinine when the concentration in eye drop increased 
from 0.2 to 2 M. This result suggests that a saturable transport of carcinine is taking 
place, rather than a passive diffusion.   
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  Fig. 8.1    Carcinine is effi ciently transported to the retina following topical administration. Mice 
received carcinine dissolved in eye drop formulation (glycerol 1 %, carboxymethylcellulose 0.3 %, 
benzyl alcohol 0.3 %, in water, pH adjusted to 6.8 with potassium borate and potassium bicarbon-
ate) [ 25 ]. ( a ) 0.2 M carcinine was administered at 0 min ( arrow ) and mice were euthanized 30, 60, 
90, and 120 min later to collect retinas. Another set of mice received 0.2 M carcinine twice, at 0 
and 60 min (indicated by  arrows ) and were euthanized every 30 min following second administra-
tion to collect retinas. ( b ) Mice received indicated concentrations of carcinine in eye drop formula-
tion and were euthanized 30 min later to collect retinas. HPLC/MS was used to quantify the 
amount of carcinine per retina in each retinal sample [ 8 ]. The means of three retinal samples and 
error bars representing the standard error from the mean (SEM) were plotted       
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8.2.2     Carcinine Lowers 4-HNE-Protein Adduct 
in Retinal Cells  

 We previously demonstrated the scavenging effect of carcinine on 4-HNE in vitro 
[ 8 ]. To determine if carcinine had this effect in vivo, we measured the amount of 
4-HNE-protein adduct in mouse retinas, following administrations of 0.1 M 
carcinine eye drops, every hour for 6 h [ 9 ]. After treatment with carcinine eye drops, 
a signifi cant ( P  < 0.05) 20 % decrease of 4-HNE-protein adduct was found in mouse 
retinas when compared with vehicle-treated eyes [ 9 ]. Low amount of 4-HNE is 
constantly generated in cells and reacts with surrounding proteins to form 4-HNE- 
protein adduct within the intracellular compartment. Thus, our result supports the 
idea that carcinine is still active after migrating through the eye globe to the retina, 
and suggests that carcinine is entering the retinal cells, perhaps through a transport 
mechanism, where it prevents and/or reverses adduct formation.  

8.2.3     Retinal Bioavailability of Carcinine 

 As shown in Fig.   8.1 b , after application of 1 eye drop (10 μL) of 0.2 M carcinine 
corresponding to 2,000 nmol of carcinine on the mouse cornea, 100 ng of carcinine 
is found in the retina corresponding to 0.5 nmol. Thus, 0.025 % of the topically 
applied carcinine reaches the retina, which is at least 60-fold higher than the 
0–0.0004 % intraocular bioavailability of most compounds [ 2 ]. In addition, topical 
applications of carcinine lead to therapeutic concentrations of carcinine, as 
demonstrated by the signifi cant decrease of 4-HNE-protein adduct in the retina [ 9 ]. 
This result is interesting because if identifi ed, the transport route allowing carcinine 
to effi ciently penetrate the eye and reach the retina could be exploited for the 
delivery of other drugs to the posterior segment of the eye. Drugs can be transported 
through the corneal epithelium or through the conjunctival epithelium [ 2 ]. We used 
the HCECs to investigate the uptake of carcinine with the goal of identifying the 
transporter(s) involved.   

8.3     Carcinine in HCECs 

8.3.1     Carcinine Uptake in HCECs 

 We fi rst hypothesized that the peptide transporters PepT1 (encoded by the  SLC15A1  
gene) and PepT2 (encoded by the  SLC15A2  gene) could be involved in the transport 
of carcinine through the corneal epithelium because expression of  SLC15A1  and 
 SLC15A2  genes were detected in human cornea and HCECs [ 10 ,  11 ]. In addition, a 
recent study demonstrated that carnosine and anserine, two dipeptide derivatives 
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structurally similar to carcinine, are transported with high affi nity by PEPT2 and 
with moderate affi nity by PEPT1 in a human intestinal cell line and a rat renal cell 
line [ 12 ]. We used immortalized HCECs [ 13 ] to determine if carcinine could be 
transported inside the cells. We fi rst incubated HCECs with 0.2 M carcinine for 
30 min, and found carcinine in the cell extract (Fig.  8.2 ).  

 To determine if there was an infl ux of carcinine in these cells, we prepared a 
radiolabeled  14 C carcinine.  14 C carcinine was synthesized according to a published 
procedure [ 14 ]. The identity of intermediate  14 C- N -tert-butoxycarbonyl-b- 
alanylhistamine and fi nal  14 C-β-alanylhistamine compounds were verifi ed by their 
retention times in HPLC, using unlabeled standards. In the fi rst experiment, a time- 
course of carcinine accumulation was performed using a concentration of 1 mM 
carcinine. A fast accumulation of carcinine was observed, peaking at 5 min fol-
lowed by a very slow decrease over the following 15 min (Fig.  8.3a ).  

 In the second experiment, we quantifi ed the uptake of carcinine after incubation 
of HCECs for 20 min with concentrations of carcinine ranging from 0.01 to 
100 mM. A linear dose-dependent accumulation of carcinine was found in the cells 
at the concentrations tested (Fig.   8.3 b ). This result suggests that there could be a 
passive, non saturable, infl ux of carcinine in these cells, or could indicate that 
carcinine simply binds the plasma membrane of the cells but does not penetrate the 
intracellular compartment. To determine whether or not carcinine penetrates the 
cells, we next investigated the biological effect of carcinine in the intracellular 
 compartment by quantifying intracellular 4-HNE-protein adduct in HCECs.  
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  Fig. 8.2    Carcinine is found in HCECs after incubation with 0.2 M exogenous carcinine. SV-40 
adenovirus immortalized HCECs were grown to 90 % confl uence in 10 cm plates as previously 
described [ 13 ,  17 ,  18 ]. Cells were incubated with fresh basal medium containing 0 or 0.2 M carci-
nine for 30 min. Cells were then washed three times in PBS, harvested, and centrifuged. Cell pellet 
was extracted with acetonitrile, anserine was used as the internal standard, and HPLC-MS analysis 
of cell extracts was performed as previously described [ 8 ]. Extracted Ion Chromatogram using  m / z : 
318.1 ± 0.3 for carcinine and  m / z : 376.1 ± 0.3 for anserine is shown. Carcinine was found in the cell 
extract after treatment with 0.2 M carcinine       
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8.3.2     Carcinine Effect in HCECs 

 We fi rst incubated HCECs with 75 μM of exogenous 4-HNE for 0, 1, and 3 h, 
washed the cells with PBS to eliminate extracellular 4-HNE, and quantifi ed 4-HNE- 
protein adduct in cell homogenates as previously described [ 15 ]. A time-dependent 
formation of 4-HNE-protein adduct is shown in Fig.  8.4a . We then preincubated 
HCECs with 0, 1, or 10 mM carcinine for 1 and 3 h, removed the media containing 
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  Fig. 8.3    Kinetics and dose–response of carcinine accumulation in HCECs. HCECs were grown to 
confl uence in 24-well plates. ( a ) Cells were washed with basal medium once and incubated in 
basal medium containing 1 mM of unlabeled carcinine and a negligible concentration of  14 C carci-
nine (0.007 mM fi nal, 0.16 μCi/μL fi nal) for 0, 1, 5, 10 and 20 min. Cells were washed once in PBS 
and harvested in 0.3 M NaOH.  14 C associated with the cells was quantifi ed in scintillation buffer. 
Protein concentrations were used to normalize the results. Each time point was performed in trip-
licate, mean and SEM were plotted. ( b ) Cells were washed with basal medium once and incubated 
in basal medium containing indicated concentrations of unlabeled carcinine and a negligible con-
centration of  14 C carcinine (0.007 mM fi nal, 0.16 μCi/μL fi nal) for 20 min. Cells were washed once 
in PBS and harvested in 0.3 M NaOH.  14 C associated with the cells was quantifi ed in scintillation 
buffer. Protein concentrations were used to normalize the results. Each concentration of carcinine 
was performed in triplicate and error bars representing standard deviation (SD) were plotted. 
In most cases, they are too small to be visible on the graph       
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  Fig. 8.4    Carcinine can quench 4-HNE in the cell medium but not in the HCEC intracellular com-
partment. HCECs were grown to confl uence in 6-well plates. ( a ) Cells were washed with basal 
medium once and then incubated with basal medium containing 75 μM 4-HNE for 0, 1, and 3 h. 
( b ) Cells were preincubated with basal medium containing 0, 1, or 10 mM carcinine for 1 or 3 h. 
At the end of the preincubation time, cells were washed three times with PBS and incubated with 
basal medium containing 75 μM 4-HNE for 1 h. ( c ) Cells were incubated with basal medium
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carcinine, washed the cells with PBS to eliminate extracellular carcinine, and then 
treated the cells with 75 μM of 4-HNE for 1 h. If carcinine was entering the intra-
cellular compartment, it would inhibit the formation of 4-HNE-protein adduct 
in a dose-dependent manner. As shown in Fig.  8.4b , there was no signifi cant decrease 
of 4-HNE-protein adduct formed in any of the cells preincubated with carcinine, 
suggesting that carcinine was not effi ciently transported inside the cells.  

 We then treated HCECs with carcinine and 4-HNE, added simultaneously to 
the cell culture medium. Increasing concentrations of carcinine were used in com-
bination with 75 μM of 4-HNE. After 2 h incubation with medium, cells were 
harvested and intracellular 4-HNE-protein adducts were quantifi ed. As shown in 
Fig.  8.4c , carcinine completely inhibited the formation of adducts with intracel-
lular proteins when used at concentrations of 10 mM or higher. These results show 
the rapid quenching effect of 4-HNE by carcinine in the cell-culture medium, 
inhibiting the passive infl ux of 4-HNE and the formation of intracellular 4-HNE-
protein adduct. 

 Taken together, these results show that carcinine is active outside but not inside 
the cells, demonstrating that it does not enter the HCECs. The linear dose-depen-
dent accumulation of carcinine found in HCEC extracts in Fig.   8.3 b  was probably 
due to an interaction of carcinine with the plasma membranes. Carcinine is a 
dipeptide derivative (β-alanyl-histamine), formed by a hydrophobic alanyl and a 
positively charged histamine. Such compound is likely to bind and be inserted in 
the plasma membrane but might not be able to freely cross it because of the posi-
tive charge. Our results demonstrate that no passive diffusion is taking place 
across cell membranes and thus suggests that the intracellular quenching effect of 
carcinine previously found in retinal cells [ 9 ] was probably due to a transporter-
mediated uptake. The  SLC15A2  mRNA has been found in the human retina [ 10 ] 
so it is possible that PepT2 was involved in the transport of carcinine in mouse 
retinal cells. 

 Our results suggest that the penetration route of carcinine into the eye globe is 
not through the corneal epithelium. Further experiments will investigate the alterna-
tive conjunctival/scleral route and the transport of carcinine through the conjunctival 
epithelium.   

Fig. 8.4 (continued) containing 75 μM 4-HNE and 0, 0.2, 2, 10 or 20 mM carcinine for 2 h. At the 
end of incubation times, cells were washed three times with PBS and harvested in T-PER reagent 
containing protease inhibitors as previously described [ 15 ]. Whole cell homogenates are prepared 
and equal aliquots (5 μg) of protein are analyzed by dot blot as previously described [ 15 ]. Dot blot 
results are quantifi ed using ImageJ and normalized to the amount of protein in each dot quantifi ed 
with Ponceau red staining of the membranes as previously described [ 8 ]. Graph shown in ( a ) and 
( b ) are representative results of triplicates for each experimental condition. Means and SD are 
plotted. Graph shown in ( c ) is representative of one sample per experimental condition. The 
percent of intracellular adduct is plotted using 0 mM carcinine as 100 % of intracellular adduct. 
The dot blot showing detection of 4-HNE-protein adduct ( top panel ) and Ponceau staining ( bottom 
panel ) is also shown       
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8.4     Expression Profi le of Endogenous Transporters 
in HCECs 

 We reasoned that any transporter, expressed at suffi cient level at the corneal blood- 
aqueous barrier, could be exploited to transport topical ophthalmic drugs. Two 
expression profi le studies of transporter genes have been previously conducted, 
looking specifi cally at dissected human corneas [ 10 ,  16 ]. The cornea contains three 
cell types; the corneal epithelial cells forming the blood-aqueous barrier of the 
cornea, the keratinocytes, and the corneal endothelial cells. A recent study describes 
more specifi cally the expression profi le of 12 transporter genes in the HCECs 
(cHCE) immortalized by infection with an amphotropic recombinant retrovirus 
containing HPV-16 ED/E7 genes [ 11 ]. In the current study, we investigated the 
expression profi le of 84 transporter genes in the HCECs immortalized by infection 
with a recombinant simian virus 40-adenovirus vector [ 13 ]. Any transporter highly 
expressed in corneal epithelial cells is likely to form a gate through which modifi ed 
drugs might be able to cross the corneal epithelium barrier. 

 HCECs immortalized with SV-40 adenovirus were maintained as previously 
described [ 13 ,  17 ,  18 ]. Total RNAs were prepared from HCECs at passage 10. Total 
RNA was used for reverse transcription cDNA synthesis. The Human Drug 
Transporters RT2 Profi ler PCR Array (Qiagen) was used for quantifi cation of gene 
expression. Two independent experiments were conducted using two different 
batches of HCECs. 

 Gene expression levels are shown in Fig.  8.5 , relative to the  HPRT1  gene, a 
housekeeping gene with relatively low expression in these cells. The Ct number of 
 HPRT1  was 23 in both experiments and by defi nition its relative expression level is 
1. The two major superfamilies of transporters identifi ed in the human genome are 
represented on the PCR array; the ATP-binding cassette (ABC) superfamily 
(Fig.  8.5a ) and the solute carrier (SLC) superfamily (Fig.  8.5b ). The other types of 
transporters represented on the PCR array are shown in Fig.  8.5c .  

 The ABC superfamily includes 7 families and 48 members [ 19 ], of which 6 
families and 27 members are quantifi ed on the PCR array. Most of the ABC 
transporters are active effl ux pumps driven by ATP hydrolysis [ 19 ]. As shown in 
Fig.  8.5a , most of them have negligible expression levels compared to  HPRT1  (set 
as 1). Only  ABCD3 , encoding a peroxisomal transporter of fatty acids (peroxisomal 
membrane protein of 70 kDa, PMP70) was expressed at a level close to  HPRT1. 
ABCC1  and  ABCC3 , encoding for the multidrug resistance-associated proteins 
MRP1 and MRP3, were previously detected in the human cornea and cHCE cells 
[ 11 ]. They were also found in HCECs but at negligible levels of 0.1 and 0.04 
respectively, relative to  HPRT1 . 

 The SLC transporters are usually facilitated infl ux pumps [ 20 ]. This superfamily 
consists of 52 families and at least 298 members, of which 20 families and 45 
members are quantifi ed in this study. As shown in Fig.  8.5b , only fi ve SLC 
transporters are expressed at higher levels than  HPRT1 . Fifteen members of the 
SLC superfamily are expressed at intermediate levels, below 1 but higher than 0.1, 
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  Fig. 8.5    Relative mRNA expression levels of 84 transporters in HCECs. Total RNAs were pre-
pared from HCECs at passage 10 using the RNeasy Plus Universal Mini Kit from Qiagen. Total 
RNA (0.5 μg) was used for reverse transcription cDNA synthesis using the RT2 First Strand Kit 
(Qiagen). The Human Drug Transporters RT2 Profi ler PCR Array (Qiagen) was used for quantifi -
cation of gene expression. ( a ) Effl ux transporters of the ABC superfamily, ( b ) infl ux transporters 
of the SLC superfamily, and ( c ) other transporters. Delta Ct values are calculated using the Ct value 
of  HPRT1  and converted to relative expression levels. Data are presented as the mean of two 
experiments with the SD         
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relative to  HPRT1 . The other 25 members, including  SLC15A1  (PEPT1) and 
 SLC15A2  (PEPT2) are expressed at negligible levels lower than 0.1. This is likely 
to explain the absence of carcinine uptake in HCECs. 

 The fi ve highly expressed transporters are infl ux pumps, located on the plasma 
membrane. Three of them are amino acid transporters: the amino acid transporter 
A2 (ATA2), and the heavy and light subunits of the heterodimeric large neutral 
amino acid transporter (LAT1). One is a monocarboxylate transporter (MCT1) 
allowing infl ux of lactate, pyruvate, and other monocarboxylates to provide energy 
to the cells. The fi fth one is a copper transporter (COPT1). To our knowledge, none 
of them has been previously described as transporters that are highly expressed in 
the cornea or in corneal epithelial cells. 

 Other transporters represented on the PCR array are shown in Fig.  8.5c . Three 
organelle transporters  ATP6V0C  (encoding a component of the vacuolar ATPase H +  
transporter), and  VDAC1  and  VDAC2  (mitochondrial voltage-dependent anion 
channels) have relatively higher expression than  HPRT1 .  

8.5     Taking Advantage of the Existing Transport Mechanisms 

 The high expression of the copper transporter gene is particularly interesting 
because a growing body of evidences shows that it facilitates the cellular intake of 
platinum-derived anticancer drugs such as cisplatin [ 21 – 23 ]. Recent advances in the 
understanding of how the copper transporter COPT1 works as a biochemical pump 
to specifi cally bind copper or platinum atoms outside the cell and facilitates their 
passage, through an otherwise impermeable cell membrane, into the cytoplasm can 
be used to develop new platinum-containing cancer drugs [ 21 ,  23 ,  24 ]. By extension, 
this knowledge could also be exploited for the development of topical ophthalmic 
drugs with increased intraocular bioavailability.  
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8.6     Conclusions 

 An intracellular excess of reactive oxygen species and lipid oxidation products 
induces oxidative damage. This toxic process is involved in diverse ophthalmic 
disorders affecting various regions of the eye, including the retina, the lens, and the 
cornea. Drugs such as carcinine that inhibit oxidative damage or induce repair 
mechanisms/detoxifi cation and cannot freely cross cell membranes or epithelial 
barriers need transport mechanisms. Identifying such ocular transport mechanisms 
is important to design ophthalmic drugs with optimal bioavailability. Two approaches 
were used in this study to identify ocular transporters. The fi rst one was to use the 
multifunctional antioxidant carcinine, which can effi ciently penetrate the eye globe 
and inhibit oxidative damage within retinal cells, to identify its transporter(s). This 
approach led us to the conclusion that carcinine is not transported by the corneal 
epithelial cells, which suggests that its penetration takes place in the conjunctiva 
and not in the cornea. More studies will be necessary to identify the carcinine 
transporter(s) in ocular tissues. The second approach was to screen the expression 
profi le of a large number of transporter genes in corneal epithelial cells to identify 
the most abundantly expressed ones. This approach led us to conclude that only a 
few infl ux transporters are highly expressed in corneal epithelial cells, including a 
copper transporter that could be hijacked for drug transport.     
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    Chapter 9   
 Basic Review of the Oxidative Stress 
Role in Age-Related Cataractogenesis 

             Lepša     Žorić     ,     Dijana     Miric    , and     Bojana     Kisic   

9.1             Introduction 

 Age-related cataract is the most common curable cause of blindness in the world. 
At the same time, it is the most common disease in the clinical ophthalmologic 
practice. Methods of treatment of cataracts through its extraction and installation of 
artifi cial lenses, although highly effi cient, are a burden on the budget of each coun-
try [ 1 ,  2 ]. 

 Like the aging process in the body, for decades, long accumulated oxidative 
damage to the lens is considered a key factor in senile cataract. In that process 
responsible is a balance of oxidative stress and antioxidant protection at the system 
level and at the local, in the eye. Mortality due to different causes is elevated in the 
population of elderly people with cataracts, compared to people of the same age 
group without cataracts, or with other eye diseases [ 3 ].  

9.2     Lens of the Eye 

 Lens is a part of the dioptric apparatus of the eye. Thanks to the transparency and 
elasticity, it allows penetration of light rays to the retina and their focus in the macula. 
Transparency of the lens results from the optical homogeneity of its elements and 
depends on their structure, layout, composition, and biochemical processes in them. 
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 In addition to refractive power, the lens has an important protective role. Through 
the absorption of ultraviolet part of the spectrum it protects the retina from the 
harmful effects of this part of the solar radiation. In this way, lens suffers photody-
namic damage. 

 Since it is avascular, its metabolism is dependent on the composition of the 
 aqueous humor, which surrounds it. From aqueous humor the lens receives a neces-
sary amino acid for synthetic processes, antioxidants, and necessary hormones and 
glucose as an energy source. At the same time, the composition of the aqueous 
humor refl ects the character and intensity of the biochemical processes in the lens. 
A high lactate level in aqueous humor was primarily a result of the anaerobic metab-
olism of glucose in the lens. Hydrogen peroxide in aqueous humor may be the 
cause, but also the consequence of oxidative processes in the lens [ 4 ,  5 ]. 

 The lens is epithelial organ. However, during the life, all its cells, even those 
incurred during intrauterine development, remain within lens capsule, after trans-
forming into lens fi bers. Part of the energy produced in the lens is spent on their 
maintenance and a part on the slow mitotic cycle, which enables a very slow but 
steady growth of lens throughout life.  

9.3     Oxidative and Photooxidative Stress 

 Oxygen is the condition of life of aerobic organisms, but the production of free 
oxygen radicals is its inevitable consequence. Hence, oxygen has a dual nature—it 
is necessary for life, but it is also toxic. Even normal atmospheric oxygen concen-
trations have slowly manifesting adverse effects. 

 Under normal conditions, the balance between the oxidative process and antioxi-
dative capacity maintains stability of the composition and function of living cells. If 
this balance is disturbed due to increased production of radicals, reduced is the 
capacity of antioxidant defense system, or both processes at the same time, occurs 
the state of oxidative stress. 

 Oxidative stress has been performed physiologically in all of the breathing cells. 
Free radicals are created during normal cell homeostatic and defense mechanisms. 
Radicals which are formed during pathological processes are responsible for the 
damage at almost all biomolecules and manifestations are visible in the form of a 
number of diseases [ 6 ,  7 ]. 

 The Sun, like oxygen, is a requirement for life on the Earth. Man is a “daily” 
organism and in his everyday activities follows a diurnal rhythm. Sunlight is neces-
sary for a complete physical and mental development of human. Without sunlight, 
the development of visual function is not possible. 

 The human eye is exposed to ambient radiation for decades and a full spectrum 
of solar light has a wavelength with signifi cant damaging potential. Photooxidative 
stress strats with the light absorbing organic molecules. Absorption of electromag-
netic radiation of any tissue depends on its molecule excitability. Low-energy pho-
tons interact with electrons in the organic molecules and they produce a higher 
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energy level in the outer orbitals. Thus the resulting excited state allows the forma-
tion of reactive oxygen radicals [ 5 ]. 

 It is diffi cult to determine the ocular dose of ultraviolet light photodynamic dam-
age to the human lens. In fact, it is the cumulative dose effect over a long period, 
which depends on solar radiation, its refl ection from the stone, sand, snow, ozone 
depletion in the atmosphere, latitude and altitude, occupation [ 8 ], and the absorp-
tion spectrum of primary lens and its changes over a lifetime, antioxidant capacity 
of lenses and other endogenous factors in the eye, and the whole organism [ 9 ,  10 ]. 
It is known that artifi cial sources of ultraviolet rays also carry some risk of damag-
ing the lens [ 8 ,  11 ]. 

 Along with adaptation    to aerobic conditions, during evolution have evolved pro-
tective, antioxidant mechanisms against the toxicity caused by free radicals. 
Antioxidant elements make a vast array of diverse biochemical molecules of endog-
enous or exogenous origin, which are activated depending on the actual mechanism 
of oxidative damage, their availability, and properties of the medium [ 5 ].  

9.4     Cataractogenesis 

 Age-related cataract is a progressive opacifi cation of the lens in people older than 
45 years occurred without any known cause such as trauma, infl ammation, hypocal-
cemia, medications or congenital factors. Cataract affects the quantity and quality 
of vision in various ways, depending on its type, maturity, or pigmentation. 

 Mitotic-capable epithelial cells are located on the anterior lens capsule and they, 
through the pupillary aperture, are the fi rst lens cells facing to the electromagnetic 
radiation. Absorbing chromophores in the lens may initially be DNA bases and 
tryptophan. On this occasion arise photoproducts of DNA and subsequent changes 
in the type and amounts of mRNAs. Cells possess reparative enzymes of resulting 
damages. Incomplete repair, however, leads to permanent damage of DNA, synthe-
sis of aberrant proteins, mutations and cell death [ 4 ,  12 ,  13 ]. Such changes are actu-
ally registered in human cataract and cataract in animal models caused by ultraviolet 
radiation [ 14 ,  15 ]. 

 Tryptophan residues in the alpha and beta crystalline lens are easily oxidized in 
a hydrophilic environment. In a hydrophobic environment they are exposed to 
hydrogen peroxide and superoxide anion. In proteins and between them, disulfi de 
bonds are formed, as well as with glutathione and cysteine. In this way, aggrega-
tions of proteins with altered tertiary structure are formed [ 14 ,  16 ]. In patients with 
diabetes, people with myopia and other eye diseases that process is more intense 
[ 14 ,  16 ,  17 ]. 

 A moderate degree of oxidation makes proteins vulnerable to proteolysis, whereas 
more extensive and more intense oxidative stress consequences is a formation of 
aggregates of, which includes a reduction in protease activity also [ 18 ,  19 ]. Such a 
non-enzymatic oxidation is directly proportional to the concentration of hydrogen 
peroxide and the oxidized glutathione and reduced glutathione amount inversely. 
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 Human lens and other lens of day organisms contain two groups of chromo-
phores. The fi rst is a product of tryptophan of low molecular weight having an 
absorption spectrum between 300 and 400 ηm and its presence is detected in the 
lens even before birth. Another group of pigments is related to lens proteins, appears 
in the second decade of life and its concentration increases with age, and the absorp-
tion spectrum extends to 500 ηm [ 20 ,  21 ]. Lens chromophores have a protective role 
basically, but those that appear in the cataractogenesis can further promote the 
 oxidative process [ 22 ,  23 ]. 

 Damage of the lipid cell membrane violates one of the conditions of cell integ-
rity. Lipid peroxidation, according to the respective authors, is considered even as 
an essential causal factor of cataract [ 24 ,  25 ]. At the same time   , the structure of 
membrane proteins gets disturbed [ 1 ,  25 ]. This leads to disruption of barrier func-
tion of the cell membrane, and membranes of cell organelles. Subjected to the 
 oxidative modifi cation are, as well, the calcium-adenosine triphosphatase (Ca 2 

+ -ATPase), and sodium–potassium adenosine triphosphatase (Na  + -K  + -ATPase) 
which lead to a change in the level of intracellular calcium. 

 Formation and accumulation of the aforementioned colored and fl uorescent oxi-
dation products of protein intensify further photodynamic damage. Formation of 
protein aggregates of high molecular weight, which increases the scattering of light, 
is considered as the substance of the occurrence of nuclear cataracts [ 4 ,  5 ]. 

 Changes in the tertiary structure of proteins, reducing the activity of antioxidant 
enzymes, loss of function of ion pumps and ion imbalance that, together, lead to 
changes in water content within the lens and the refractive index of the lens, happen 
in a formation of cortical cataracts [ 25 ].  

9.5     The Lens Protection from Oxidation 

 Peptide glutathione is synthesized in the epithelium and in the cortex of the lenses 
in high concentrations. During the effect of light wavelength of 302 nm, it is a good 
cleaner (scavenger) of reactive radicals, while at higher wavelengths glutathione is 
a donor for glutathione peroxidase [ 19 ]. 

 He maintains ascorbate and sulfhydryl groups of crystallines in a reduced state, 
and to some extent provides work of Na +-K +-ATP pump [ 26 ]. Adding glutathione 
to the medium in which the cells are cultured, and cataract showed a positive effect 
in maintaining their opacity [ 27 ,  28 ]. 

 The lens crystallines, although the primary structural proteins of the lens, have a 
high antioxidant potential. It is primarily derived from its free sulfhydryl groups, 
but amino acids of a different composition can be targeted to oxidative stress [ 29 ]. 

 In the lens there are other enzymatic and non-enzymatic antioxidants: superox-
ide dismutase, catalase, tioreduksin T, choline, taurine, metalloproteinases, ubiqui-
none, ascorbate, tocopherol, and carotenoids [ 26 ,  30 – 32 ]. Their antioxidant activity 
is dependent on the mechanism of oxidative damage, which is dependent on the 
polarity of the medium and the type of damage caused. 
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 There are data that suggest that the decline in activity of certain enzymes in up to 
95 % does not necessarily mean a signifi cant disadvantage to their functions. It is, 
of course, only applies to the optimum conditions of functioning of the antioxidative 
protection [ 33 ]. 

 Measuring the concentration of oxygen in the rabbit eye showed a dramatic 
decrease in its concentration of the cornea to the aqueous humor and, fi nally, the 
lens [ 34 ]. Pressure of oxygen in the lens is only about 20 % of that in the blood. Low 
concentration    of oxygen in the lens is an important factor for preventing damage of 
oxidation, since it provides low level of the oxidation stress and eliminates it from 
the very beginning. Use of high concentration of oxygen for therapeutic purposes 
can have a negative impact on lens transparency [ 35 ]. Lipid peroxidation and 
changes in hydrocarbon chains are evident in guinea pigs chronically exposed to 
high concentrations of oxygen [ 36 ]. 

 The intensity of the metabolism in the lens cells is slow. The energy production 
is dominated by anaerobic processes. Mitotic cycle in epithelial cells is rare, 
 synthetic processes are slowed down. 

 A potent antioxidant, vitamin C, through active transport mechanisms against the 
concentration gradient, comes to the aqueous humor, and hence in the lens. 
There reaches a high concentration, up to several tens of times higher than in serum. 
By comparing the concentration of vitamin C in the humor of eyes of daily and 
nocturnal animals, it was observed that this feature belongs to daily organisms [ 37 ]. 
It is believed that this is due to adaptation mechanisms of lenses protection against 
photooxidative stress. 

 The integrity of cell membranes in the lens substantially preserves vitamin E 
[ 38 ]. However, the composition of membrane lipids of the lens cells refl ects an 
evolutionary adaptive mechanism to reduce oxidative stress and longer life, in 
 general. Camel, which even in old age rarely develops cataract, in their lens, cell 
membranes have a high content of sphingolipids in relation to the phosphatidylcho-
lines. Similar system has been observed in man, who as compared to other mam-
mals, relatively late in life develop cataract [ 39 ]. 

 Hormone of the pineal gland, melatonin and structurally related tryptophan 
metabolites show antiperoxidation effect and acts as scavenger for highly toxic 
hydroxyl radicals. In experimental conditions, supplementation with melatonin sig-
nifi cantly slows the development of selenium and X-radiation-induced cataracts 
[ 40 ,  41 ].  

9.6     Recommendations for the Prevention of Cataracts 

 Long-term results of a prospective multicenter North American study for the study 
of eye diseases in selenium-Age-Related Eye Disease Study Group (AREDS) 
denied benefi t from intake of megadoses of multivitamin preparations and trace ele-
ments in well-nourished elderly subjects, as well as any possible damage from them 
[ 42 ]. Authors of other similarly designed early studies-Roche European American 
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Cataract Trial (REACT) actually performed at approximately the same calendar 
period [ 43 ], however, found a small but statistically signifi cant retardation of cata-
ract in their patients with a long supplementation with vitamin C, tocopherol, and 
various carotenoids. Investigation of the infl uence of individual antioxidants does 
not always show the expected results [ 44 ]. 

 Megadosing of liposoluble antioxidant vitamins can have adverse effects, and a 
caution is necessary in their application [ 4 ,  43 ]. Most moderate recommendations 
relate to the increased intake of vitamins and trace elements important in antioxi-
dant processes in food [ 27 ], reduction of oxidative stress through changes in life-
style protect your eyes from ultraviolet rays. Eye protective lenses are recommended 
whenever the sun comes out and they need to completely block UV rays and protect 
from blue light. Corrective lenses and Intraocular Implants (IOL) are produced with 
fi lters. Wide brim hats and caps are protecting to some extent. Protection at work 
and in sports is equally, if not more important.  

9.7     Conclusion 

 Recent studies indicate that cataract is not only a local eye disease which  operational 
methods successfully solve in a very high percentage. The occurrence of senile cata-
racts, especially some of its forms, can point to the existence of systemic pathologi-
cal processes in the body. 

 Advanced age is the main risk factor identifi ed with the appearance of age-related 
cataracts. Individual, family, gender, and racial diversity in its expression also sug-
gest that there are several cataractogenesis causes. Identifying risk factors that may 
be moderated offers hope for the possibility of preventing cataract. In this sense, the 
most promising is better understanding of components of oxidative stress and anti-
oxidant defense. 

 Today, the mainly known and still valid recommendations for the prevention of 
cataract are related mostly to general advice on lifestyle protection from ultraviolet 
rays and avoiding harmful habits.     
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    Chapter 10   
 The Human Lens: A Living Biometric 
Indicator of Health Status and Successful 
Aging  

             Stuart     Richer     ,     William     Stiles    ,     Pejman     Zargar    ,     Mahsa     Rezaei    , 
    Theresa     Vo    ,     Richard     Bone    , and     Bill     Sardi   

10.1             Introduction 

 The human lens is the approximate size of a 325-g aspirin tablet. It is a slow 
 metabolic tissue formed from the ectodermal embryonic layer, which develops into 
a biconvex, crystalline, and transparent structure [ 1 ]. With the help of the cornea, 
the lens refracts and focuses visible light upon the retina where it is converted to 
neuronal signals transmitted to the suprachiasmic nucleus and pineal gland (circa-
dian rhythm), midbrain (pupillary function), the occipital cortex for vision, and the 
frontal cortex for eye movement coordination [ 2 ]. For image formation, the lens 
alters the focal distance of the eye (i.e., myopia, hyperopia, astigmatism), assisting 
in the formation of sharp images of perceived objects upon the retina. For near 
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vision, an adjustment known as accommodation is modulated neuro-muscularly, via 
the ciliary body’s release of tension upon lens fi bril attachments. This process is 
degraded with age (presbyopia) and occurs earlier in smokers, diabetics, and those 
taking certain medications [ 1 ,  2 ]. Accommodation of the more rigid and oxidized, 
glycated, and cross-linked lens protein crystallins eventually results in aggregation, 
scattering centers, vision degradation, and ultimately cataract formation. Cataract 
extraction is the single largest component of the United States Medicare budget at 
3.4 billion dollars and growing [ 3 ,  5 ]. Age-related cataracts (ARCs) must be 
differentially discriminated from congenital, ocular, systemic, and environmental 
assaults. 

 The human lens consists of three main compartments from external to internal: 
lens capsule, lens epithelium, and lens fi bers (crystallins) [ 4 ]. The lens epithelium is 
composed of simple cuboidal epithelium cells and its core function is to maintain 
lens homeostasis [ 5 ]. The lens epithelium is also the source of precursors for both 
the lens capsule and lens fi bers [ 4 ]. 

 Cataract is classifi ed as a protein aggregation disease in which the lens becomes 
cloudy and decreases visual acuity [ 6 ]. Cataract can occur in one or both eyes and it 
cannot spread from one eye to the other [ 7 ]. 

 Life expectancy increased by the advancement of public hygiene and medical 
care has resulted in a higher prevalence of age-related disease, notably ARC, age- 
related macular degeneration (AMD), and glaucoma. Age-related cataract appears 
above 50 years of age. More than half of Americans by age 80 either suffer from 
ARC or have already had cataract surgery in one or both eyes. Cataracts are mostly 
seen in elderly people and aging cataract is most common. Yet, not all cataracts are 
age-related. Other subtypes include congenital, medical, traumatic, surgical (sec-
ondary cataracts), and those resulting from insults such as trauma, chemicals, or 
radiation [ 7 ] (see Table  10.1 ).

   There are three types of aging cataracts: nuclear, cortical, and posterior subcap-
sular. Nuclear cataract, the most common type, is a central lens opacifi cation 
where the nucleus loses its transparency, changing from clear to yellow and some-
times brown. This phenomenon occurs due to deamidation of lens proteins through 
oxidation, proteolysis, and glycation, which accumulates into high molecular-
weight particles that scatter incoming light. Cortical cataract, the second most 
common type is associated with liquefaction of lens fi bers due to electrolyte 
imbalance, overhydration, and excess carbohydrate intake. Finally, posterior sub-
capsular cataract, the third and the least common type, is typically formed by the 
death of lens fi ber nuclei and epithelial cells clustering at the lens posterior pole. 
Cataract development has been attributed to metabolic dysglycemia, retinal dis-
eases, alcoholism, drugs, malnutrition, and smoking [ 5 ]. Most common symptoms 
of cataract include: cloudy or blurry vision, poor night vision, dimmed color per-
ception, perceived glare and halos from headlights, lamps, or sunlight [ 7 ] (see 
Table  10.2  and Fig.  10.1 ).
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  Table 10.2     Biochemistry 
of ARC (Age Related 
Cataract)  

 Damage to crystalline proteins/
proteinases with aging in older lenses 

 Oxidation 
 Glycation (nonenzymatic glycosylation) 
 Glyco-oxidation (oxidation of glycated 
proteins) 
 Addition of lipids 
 Cleavage/deamidation/racemization 
    Accumulation of ubiquitinated proteins 
 Inactivation of proteinases 
 Aggregation of lens crystallins 
(cytotoxicity) 
 Tissue dehydration/precipitation 

   Table 10.1    No t all cataracts are related to age          
  Reprinted from [ 8 ] with permission from Dr. S. Richer  
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10.2         Sunlight Protection 

 Sunlight consists of electromagnetic radiation, from infrared to visible light to 
 ultraviolet. Eyes are protected by eyelid and facial structures such as eyebrows, 
cheekbones, and the nose. Yet eyes are still prone to high-energy ultraviolet (UV) 
radiation referred to as UVA, UVB, and UVC. UVB is blocked by the cornea and 
UVC, the most energetic with the shortest wavelength, is almost completely blocked 
by the ozone layer, UVA has the longest wavelength in the UV spectrum and pene-
trates deep within the skin and eye. Traversing the cornea, it can induce DNA dam-
age of the anterior lens epithelial cells. Unprotected, exposure to such radiation 
damages the lens at all ages with infants and young children being particularly 
vulnerable. UVA damages human DNA indirectly by generating highly reactive 
chemical intermediates, such as hydroxyl and oxygen radicals [ 9 ]. 

 Ecological studies suggest that cataract is more prevalent in countries with more 
sunlight exposure than in those with less sunlight exposure [ 10 ]. There are a higher 
number of cataract cases reported in countries like Israel and India compared with 
England [ 11 ]. An ecological study called  the Beaver Dam Eye Study  confi rmed the 
association between UVB radiation exposure and cataracts in men only [ 12 ]. Another 
epidemiological study done by H. R. Taylor showed a signifi cant association for corti-
cal cataracts and UV radiation index. In this study, 838 watermen working on the 
Chesapeake Bay were surveyed. Taylor’s UV radiation index was based upon number 
of outdoor hours worked, work location, and attenuation due to spectacle use and hat 
cover. The study found an association between cortical cataracts and higher UV expo-
sure and suggested that children require more protection against sunlight, specifi cally 
UV radiation since they generally spend more time outdoors than adults [ 13 ].  

  Fig. 10.1    Simulation of a cataract-affected view and its progression over time. Reprinted from 
[ 65 ] with permission from the Association of Computing Machinery, Inc.          
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10.3     Caloric Restriction 

 Lifestyle is an important factor in ARC. Many studies evaluated caloric restriction 
and its benefi t(s) to human health. Caloric and dietary restriction is defi ned as a 
nutritious diet with 40 % fewer calories compared with an ad libitum diet [ 14 ]. 
Dietary caloric restriction has been shown to delay cataractogenesis. Wang et al. 
concluded that caloric restriction slowed protein insolubilization and blunted the 
decline of the total soluble thiols, protein thiols, reduced glutathione, and ascorbic 
acid levels in the lenses of old Brown Norway rats. In terms of lens protein aggrega-
tion, this study described cataract development in three stages: (1) the  precipitation 
of gamma-crystallin, (2) the insolubilization of beta-crystallin, and (3) the fi nal pre-
cipitation of alpha-crystallin which was saturated with other denatured lens pro-
teins. A major risk factor in pathogenesis of human cataract is oxidative stress. 
Caloric restriction is ostensibly benefi cial in retarding oxidative stress in the human 
lens via up-regulation of endogenous antioxidant pathways [ 15 ]. 

10.3.1     Diabetes Mellitus 

 Chiu et al. explored the association of carbohydrate intake and glycemic index in 
early cortical and nuclear lens opacity formation. Some 417 female subjects of 
53–73 years of age from the Boston’s Nurses’ Health Study provided dietary 
information via 5 semi-quantitative food frequency questionnaires over a 14-year 
period. Lens opacities were evaluated using the Lens Opacity Classifi cation System 
III (LOCS III). The authors concluded that there was a positive association between 
early cortical lens opacities and the quantity (but not the quality) of carbohydrate 
intake in middle-aged women. They did not fi nd any signifi cant association between 
quantity or quality of dietary carbohydrate intake and nuclear lens opacities in 
middle-aged women [ 16 ]. 

 Signifi cantly, cataract is up to fi ve times more prevalent among patients suffering 
from diabetes mellitus (DM). Diabetics develop all three subtypes (cortical, poste-
rior subcapsular, and nuclear). Risk factors are duration of diabetes and quality of 
glycemic control. Early insulin treatment has been shown to delay cataractogenesis 
in patients with both type 1 and type 2 diabetes. 

 DM is associated with several other diseases, such as heart and vascular compli-
cations, neuropathy, retinopathy and dyslipidemia. Hyperglycemia leads to a num-
ber of pathogenic mechanisms, including but not limited to increased aldose 
reductase (AR) activity, nonenzymatic glycation/glycooxidation, activation of pro-
tein kinase C, oxidative–nitrosative stress, and poly (ADP-ribose) polymerase 
(PARP) activation. The lens, in comparison to other tissues of the human body, is 
avascular and therefore dependent on anaerobic glucose metabolism pathways, such 
as glycolysis and the pentose phosphate pathway. The lens receives nutrients and 
oxygen through the blood-aqueous barrier as it takes up glucose in an 
 insulin- independent pathway. In diabetic patients, excess blood glucose enters the 
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sorbitol pathway, in which AR catalyzes NADPH-dependent reduction of glucose to 
sorbitol, and sorbitol dehydrogenase (SDH) catalyzes NAD-dependent oxidation of 
sorbitol to fructose. By increasing sorbitol pathway activity, intracellular sorbitol 
accumulates and results in osmotic stress. Increased AR activity contributes to oxi-
dative–nitrosative stress, nonenzymatic glycation/glycoxidation, mitogen- activated 
protein kinase (MAPK) and cyclooxygenase-2 activation, accumulation of cytosolic 
Ca 2+ , activation of NF-kappaB, and activator protein-1. 

 Although many mechanisms of diabetic cataractogenesis have been identifi ed, 
there are no specifi c methods for prevention or management of diabetic cataracts 
apart from glucose control. Lifestyle changes, such as carbohydrate restriction, 
medication, smoking cessation, systemic and intraocular blood pressure management 
and nutrient supplementation, are all benefi cial [ 17 ].   

10.4     Plant Food: A Source of Nourishing Antioxidants 
and Cofactor Minerals/Vitamins 

 Diet-associated ARC is a crucial topic. Plant food containing antioxidants and 
cofactors fi ghting against free radicals that cause oxidative stress, are important to 
stay healthy and mitigate age-related processes. Exogenous and gene derived 
endogenous antioxidants protect the human body against aging and oxidative free 
radical assault. Free radicals, antioxidants and cofactors are the main focus of many 
human aging and supplementation studies. Due to new technologies and improve-
ments in medicine, human life expectancy is increasing at a fast pace. This will not 
only raise the overall population, there will also be a larger older population in need 
of health and medical care. Therefore, having a balanced lifestyle in addition to a 
healthy diet with adequate nutrition is required for all of us. 

 Free radicals are paramagnetic molecules with unstable chemical confi gurations. 
Most free radicals are formed as a byproduct of carbohydrate, protein, and lipid 
metabolism. For example, Oxygen-free radicals (e.g., hydroxyl super-oxide) along 
with hydrogen peroxide are known as reactive oxygen species (ROS). Free radicals 
of oxygen and nitrogen - NOS are extremely and NOS reactive and react with mac-
romolecules and nucleic acids. The amount of ROS being produced in the human 
body increases with age. This phenomenon in part explains age-associated increase 
in infl ammation and myriad diseases such as neurodegenerative, cardiovascular, 
cataracts, DM, and cancer. 

 Antioxidants are any endogenous or exogenous molecules capable of stabilizing 
free radicals before they cause cellular damage. This protective system, particularly 
with endogenous antioxidants, decreases in power as humans age. Therefore, there 
is a greater need for the aged population to monitor their diet or take supplements of 
exogenous antioxidants. The most effective enzymatic antioxidants are glutathione 
peroxidase, catalase, and superoxide dismutase. Nonenzymatic antioxidants include 
vitamins E and C, thiol antioxidants (glutathione, thioredoxin, and lipoic acid), 
melatonin, carotenoids, and natural fl avonoids. 
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 Cofactors are molecules or ions that bind to the catalytic site of enzymes, 
accelerating biological reactions. Many antioxidant enzymes require metal and 
nonmetal cofactors such as copper (Cu), iron (Fe), selenium (Se), zinc (Zn), and 
vitamins B1 (thiamine), and B2 (ribofl avin). Cofactors are essential for antioxidant 
functions, assisting in protection against oxidative damage by free radicals. Cofactor 
defi ciency as well as unregulated and toxic levels of divalent metals can cause health 
complications, including cataract. Optimal cofactor intake is required for each 
individual to maintain optimal health. 

 Copper is a vital cofactor in many critical cellular reactions, including those 
involving cytochrome C oxidase and zinc-superoxide dismutase. Iron is an essential 
component of catalase enzymes for hemoglobin and myoglobin. As well as copper, 
excess iron and copper also has oxidative qualities, which, in contact with lipids, 
could cause oxidative stress. It has been reported that patients with high levels of 
iron and lipids are at higher risk of developing cancer. Selenium is another essential 
cofactor in multiform of glutathione peroxidases, which have been found to protect 
DNA and cellular oxidative damage. Selenium defi ciency has been linked to DNA 
damage, neurodegenerative disease, cardiovascular diseases, cancer, and cataract. 
Zinc is another cofactor essential for antioxidant protection against vascular and 
immunological damage. Zinc has also been found to protect DNA and decrease the 
risk of cancer. It has also been shown to have a protective function for having a 
healthy skin, which is important in healthy aging. Copper and zinc are critical cofac-
tors in bone matrix ingredients and synthesis, and the lack of these cofactors has 
been shown to be correlated with elderly osteoporosis and bone density loss. 
Vitamins such as thiamine (vitamin B1) and ribofl avin (vitamin B2) are also consid-
ered as cofactors protecting against oxidative stress. The active form of vitamin B1, 
thiamine diphosphate, is used in important enzymes of oxidant stress defense. 
Vitamin B1 defi ciency has been linked to neurodegenerative diseases and high lev-
els of oxidative damage. The active form of vitamin B2, fl avin dinucleotide, works 
as a co-enzyme for glutathione reductase and many other antioxidant enzymatic 
reactions. Evidence shows that vitamin B2 defi ciency has been linked to cardiovas-
cular complications and increased risk of developing cancer [ 18 ]. 

 In terms of ocular tissue, Bruce H. Grahn et al. investigated the association 
between zinc and the eye. The authors found a signifi cant concentration of zinc in 
the eye of most animal species, particularly the retina, retinal pigment epithelium, 
and choroid. Zinc has several known functions in the retina and retinal pigmented 
epithelium, such as altering synaptic transmission, regulating the rhodopsin reaction, 
modulating interactions between taurine and vitamin A, modifying photoreceptor 
plasma membranes, and acting as an antioxidant. Zinc defi ciency can manifest in 
ocular complications such as altered vision, electroretinograms, oscillatory 
potentials, and, in severe cases, ultra-structural changes in the retina and retinal 
pigmented epithelium. The progression of degenerative retinal diseases are reduced 
by zinc supplements [ 19 ]. 

 In another article,  Cataracts as an outcome of zinc defi ciency in salmon , the 
authors investigated zinc defi ciency-related complications due to high intake of 
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 calcium, phosphorus, and phytate. This article concluded that a secondary  defi ciency 
of zinc has been associated with a high incidence of cataract in young salmon [ 20 ]. 

 David L. Watts has explored the signifi cance of defi ciency and toxic levels of 
selenium in human and animal diets. The review paper,  the Nutritional Relationships 
of Selenium , stated that selenium level constantly increased in the human lens from 
birth to old age. However, it also stated that lenses suffering from cataracts had 
sixfold less selenium content compared to that in healthy lenses in the same age 
group. It found that remarkably low selenium levels in the lens increased oxidative 
damage due to free radical species [ 21 ]. 

 Endogenous antioxidants have recently been considered in cataract prevention, 
especially so for patients with frank and severe vitamin defi ciency. Studies suggest 
that lens epithelial cell nuclear factor erythroid-2-related factor 2 (Nrf2) is an activa-
tor of endogenous antioxidants, preventing cataract. Notably, resveratrol (in red 
wine) and allicin (in garlic) are potent activators of Nrf2 [ 22 ]. 

 From the oxidant stress side, homocysteine (related to hyperhomcystenuria, 
inborn errors of metabolism and dietary defi ciency of abnormal methylation of B6, 
folic acid, and B12) within the endoplasmic reticulum (ER) was found to suppress 
NrF2, ostensibly resulting in cataract [ 23 ]. ER stress resulting from exposure of lens 
epithelial cell to homocysteine within fetal calf serum, resulted in signifi cant degra-
dation of Nrf2, within 24 h. The increased production of ROS decreased GSH 
reductase and catalase. Homocysteine exposure thus results in ER stress that sup-
presses Nrf2 dependent cellular antioxidant protection with subsequent death of 
lens epithelial cells. Nrf2 loss may also result from proteasomal degradation and 
increased cytoplasmic calcium. Thus high homocysteine concentrations induce ER 
stress, altering ROS generation, crystalline protein folding, and calcium balance. 
ROS regulation may help improve the lens epithelial cell Nrf2 pathway, reducing 
the rate of cataract formation [ 24 ]. 

10.4.1     Lutein and Zeaxanthin 

 There exist 600 known carotenoids in nature, with lutein and zeaxanthin as the two 
important dietary ocular xanthophylls found in both the lens and macula of the 
 retina. Not surprisingly, the physiological concentration and function of these two 
nutrients are important in the prevention and management of both AMD and 
ARC. Lutein and zeaxanthin protect the eye from high energy blue light and possess 
powerful antioxidant activity [ 25 ]. 

 Lutein and zeaxanthin are not endogenous and not synthesized by the human 
body. Therefore, there is great need for obtaining them through diet from dark leafy 
vegetables, such as spinach, kale, and broccoli, oranges, corn, and yellow and 
orange peppers [ 26 ]. 

 The concentration of lutein and zeaxanthin in the macula of the retina can be 
quantifi ed with instruments that measure macular pigment optical density (MPOD), 
which is a good indicator of visual function, eye health, and even overall systemic 
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health [ 25 ]. The biochemistry of these two antioxidants is very similar. Zeaxanthin 
is a stereoisomer of lutein and it has a very similar mechanism of action to lutein. In 
the lens, they work by limiting lipid peroxidation, the primary cause for ocular and 
cardiovascular diseases. 

 Numerous studies illustrate the positive correlation between dietary supplements 
of lutein and zeaxanthin and reduced risk of AMD and ARC. A study by Seddon 
et al. with 356 subjects showed that the group who consumed 6 mg daily lutein and 
zeaxanthin had a 57 % decreased risk for developing AMD compared with those 
intaking 0.5 mg daily. Bernstein et al. showed that 4 mg daily supplementation of 
lutein increased macular pigment density, which is crucial for maintaining visual 
acuity and lowering risk of developing AMD [ 26 ]. 

 The National Cancer Institute and U.S. Department of Agriculture recommend 
5–6 mg daily lutein and zeaxanthin, which equals 5 servings of fruits and vegetables 
every day [ 25 ] (see Table  10.3 ).

10.4.2        Alcohol and Smoking 

 Smoking and alcoholism both have long-term destructive effects on human health, 
particularly in age-related diseases. The Blue Mountains Eye study investigated the 
effects of smoking and alcohol consumption on human lenses. The article, “Alcohol, 
Smoking, and Cataracts” by Robert G. Cumming et al. investigated the relationship 
between alcohol consumption, tobacco smoking, and cataractogenesis in a popula-
tion-based cross-sectional study with 654 subjects. The authors concluded that 
smoking was associated with a higher rate of nuclear and posterior subcapsular 
cataract formation. Also, subjects abusing alcohol and smoking tobacco together 
showed a higher frequency of nuclear cataracts [ 27 ]. 

 Another Blue Mountains study, “Alcohol Consumption and the Long-Term 
Incidence of Cataract and Cataract Surgery” by Gowri L. Kanthan et al. was a 
population-based prospective cohort study with 3,654 subjects aged 49 years and 
older. Interestingly, a U-shaped correlation between alcohol consumption and the 
long-term risk of cataract surgery was established. Subjects consuming over two 
standard drinks per day and subjects who abstained from alcohol consumption had 
a signifi cantly higher prevalence of cataract surgery. In comparison, subjects 
consuming a moderate amount of alcohol (1 or less standard drink per day) had a 
50 % lower incidence of cataract surgery [ 28 ]. 

 Risk of smoking was investigated in the “Smoking and Risk of Age-Related 
Cataract: A Meta-Analysis.” The study concluded an association between long-
term smoking and developing ARC, particularly nuclear cataracts. However, the 
results and the underlying physiological mechanisms require more investigation, 
although it has been established that smoke contains toxins as well as depressing 
serum ascorbic acid, a water soluble antioxidant found in high concentrations in all 
ocular  tissues [ 29 ].   
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10.5     Systemic Diseases 

10.5.1     Cardiovascular Complications 

 Several studies explored the association of aging cataractogenesis and systemic dis-
eases such as cardiovascular complications. As mentioned, DM and high carbohy-
drate intake are recognized risk factors for ARC. However, hypertension and 
cardiovascular diseases are other systemic issues that have been investigated as 
well. Another Blue Mountains Study assessed the associations between DM, 
selected cardiovascular risk factors, and long-term incidence of cataract and cataract 
surgery. Three thousand six hundred and fi fty-four Australians were initially selected 
for a 10-year longitudinal study. Age, gender, fasting glucose, blood pressure, and a 
few other factors were investigated separately. Results showed that baseline DM 
was associated with nuclear cataracts and impaired fasting glucose was associated 
with cortical cataracts. Subjects with higher body mass index (BMI) presented with 
posterior subcapsular cataract. Also, subjects taking anti-hypertensive medications 
had a higher incidence of cataract surgery with few associations also found between 
cardiovascular risk factors and long-term cataract development [ 30 ]. 

 Free radicals can cause oxidative damage to lipoproteins and increase the risk of 
atherosclerosis. In this regard, Frank B. Hu et al. hypothesized that cataracts from 
free radical oxidative stress could be a marker for atherosclerosis, particularly 
coronary heart diseases. During a 10-year study on women aged 45–63 years with 
no known coronary disease, stroke, or cancer, the authors confi rmed that cataract 
extraction was signifi cantly associated with higher risk of coronary heart diseases 
and overall mortality [ 31 ].  

10.5.2     Mortality 

 ARC and visual impairment are associated with reduced life expectancy and quality 
of life. A survey of visual impairment and blindness between 1996 and 2000 
recruited 10,293 individuals from urban and rural clusters in Andhra Pradesh, India. 
Participants were followed in an effort to determine ocular risks factors associated 
with visual disability, cataract, and mortality. From this cohort study, 799 of 4,188 
participants with visual problems had died (19.1 %) and 308 participants had 
migrated. Mortality in males was greater than in females a decade later. The study 
indicated that any type of cataract or history of cataract surgery increased the mor-
tality rate. It further suggests that cataract is a marker of aging [ 32 ]. 

 Another study comparing mortality risk in cataract patients, by degree of opacifi -
cation, is instructive. One thousand eight hundred and sixty-four patients aged 64 
years and older undergoing phacoemulsifi cation surgery were followed for 5 years 
postoperatively. Of 901 patients with moderate and severe visual impairment before 
cataract surgery, 60.4 % showed no visual complaints, 15.5 % had mild problems, and 
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24.1 % of the patients remained with severe visual impairment 1 month postoperatively. 
While age-standardized mortality rates were not signifi cantly lower in patients with 
mild or no visual impairment, correcting moderate and severe visual impairment in 
elderly patients with phacoemulsifi cation surgery resulted in statistically signifi cant 
lower mortality compared to that of un-operated patients [ 33 ]. 

 The Blue Mountain Eye study cohort evaluated the relationship between cataract 
surgery and quality of life. In this study, 354 patients aged 49 years and above with 
visually signifi cant cataract, underwent surgery and were examined 5 and 10 years 
later. Patients who underwent surgery had better vision and enjoyed signifi cantly 
lower long-term mortality risk, than individuals with untreated cataract(s). Thus 
cataract surgery induced visual improvement associated with long-term survival. 
Other visual impairments were similarly associated with increased mortality [ 34 ]. 

 However another study illustrates  increased mortality rate  among cataract sur-
gery patients and cohorts following phacoemulsifi cation. Data were collected for 
933 consecutive patients in 2006 who underwent surgery between 2000 and 2001. 
The data were later negatively correlated with regional and standard mortality risk. 
This study is contrary to similar studies as cataract surgery is universally associated 
with improved survival and quality of life indices. Nonetheless, this illustrates the 
importance of continuous research and re-evaluation of medical knowledge in light 
of changes in population demographics and practice [ 35 ]. 

 In summary, there is an increased mortality rate among patients with visual 
impairment in general and ARC specifi cally. Scientifi c evidence suggests that cata-
ract is associated with deterioration of health status, as well as quality of life. 
Patients suffering from cataract and other visual impairments must seek medical 
care. Cataract surgery has the potential to permanently cure cataract related visual 
disability resulting in an improved quality of life.  

10.5.3     Osteoporosis 

 Calcium is one of the essential minerals found abundantly in the human body. 
Calcium imbalance, particularly in the elderly, causes diverse physiological issues 
involving neurological, muscular, and skeletal tissues. Calcium assists electrolyte 
homeostasis in terms of cellular transport, renal function, enzymatic activation, and 
cellular division and communication. Hypercalcemia and hypocalcemia are related 
to symptoms such as nausea, vomiting, muscle weakness, sudden twitches, memory 
loss, depression as well as paresthesia in hands and feet, anxiety, seizure, and 
arrhythmias, respectively [ 36 ]. 

 Osteoporosis, a complex multifactorial disorder, is a silent progressive 
bone disease more prevalent in females over 50 years of age. Calcium metabolism 
is an important factor in bone turnover, bone mass, and density. An observational 
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case- control study from Israel found a signifi cant association between cataract and 
 osteoporosis among women of all age groups and men older than 75 years of age. 

 Serum calcium is maintained in a normal range via pituitary hormone secretion 
affecting bone resorption, gut calcium absorption, and renal calcium excretion. 
When serum calcium levels are low, bone resorption is the fi rst line of compensation. 
When calcium resorption occurs at a faster rate than its deposition, bone mass and 
its density decrease. This is a simple explanation of osteoporosis explaining why 
serum calcium remains normal in most patients with osteoporosis [ 37 ]. 

 Calcium homeostasis is an important factor in lens clarity. Increases in lens 
calcium have long been associated with cataract increasing on average 200–300 % 
compared to that of clear lenses. On the other hand, decreased serum calcium levels 
also result in lens swelling and opacifi cation [ 38 ]. 

 Calcium imbalance affects lens metabolism in terms of activation or inhibition of 
ion channels, electrolyte homeostasis, protein synthesis, protease activities, 
membrane permeability and fi nally aggregation of lipids and proteins along with 
actual calcium deposition in the lens which results in loss of lens clarity [ 37 ].   

10.6     Postmenopausal Hormone Use: A Protective 
Effect Against Cataracts? 

 Research has broken new ground revealing the possibility of postmenopausal hor-
mone use in having a protective role against cataracts. The meta-analysis research, 
though not defi nitive, led by Kairan Lai analyzed four cohorts and fi ve case controls 
that are related to postmenopausal hormone therapy and cataract development. The 
Salisbury Eye Evaluation, the Framingham study, and Beaver Dam Eye studies 
were included in the analysis. The fi ndings revealed a reduction in the risk of cata-
ract associated with postmenopausal hormone use regardless of cataract type. In the 
fi ndings, there was an association between hormone replacement therapy (HRT) use 
and nuclear cataract in case-control and cross-sectional studies. No association was 
found between cortical or posterior subcapsular cataracts in women who had use 
HRT at any point. Current users of HRT were shown to have reduced risk of any 
type of cataracts, but this cannot be proved in the past in the relation with HRT, the 
reason being that concentration and exposure time could be the cause of immunity 
in the current users of the estrogen. Another reason being posited is the antioxidant 
properties that preserve mitochondrial function and cell viability thus protecting the 
lens from being damaged by oxidative damage. Limitations of the study included 
the use of a self-reported questionnaire, the study design, and varying defi nitions, 
and for this reason a follow-up study was recommended. This gives reassurance to 
HRT users to continue therapy without fear of cataract development as suggested by 
prior research [ 39 ].  
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10.7     Age-Related Cataract Parallels Age-Related 
and  Drug- Induced Nutrient Depletion 

 Normally, caloric intake decreases as one ages and therefore meticulous attention to 
nutrition and nutritional supplements become paramount. Micronutrients are 
essential traces of vitamins, antioxidants, and minerals, such as iron, calcium, 
vitamins B, C, and E, that are vital for growth and healthy aging. A large portion of 
the geriatric population in the United States and many other countries suffer from 
micronutrient defi ciency. Therefore, intake of nutrient-rich food, in addition to tak-
ing daily multivitamin and mineral supplements, is required for vulnerable 
populations. 

 Different factors increasing the risk of malnutrition in the elderly include but are 
not limited to: decreased physical activity, reduced energy expenditure, poor 
appetite, and physical changes, such as menopause, various digestive system 
diseases, such as  H. pylori  infection and irritable bowel syndromes, and drug- 
induced malabsorption. Gastric pH is an important factor for absorbing nutrients in 
the intestine. More elderly people tend to suffer from hypochlorhydria and 
achlorhydria, which correlates with vitamin B 12  and iron defi ciency. Gastric 
hypochlorhydria or achlorhydria can occur as a result of certain clinical disorders or 
surgical procedures that cause reduced parietal cell mass or by unbalanced hormone 
and peptide action. They can also occur iatrogenically due to long-term administration 
of antacids and H 2  blockers or continuous administration of Na/K ATPase inhibiting 
drugs. 

 Gastric acid secretion decreases with aging [ 40 ]. Prescribed and over-the-counter 
medications amplify this phenomenon. Proton pump inhibitors (PPIs), such as 
Nexium ®  and H 2 -receptor antagonists such as anti-histamines, are commonly 
prescribed medications used for dyspepsia, peptic ulcer disease, gastroesophageal 
refl ux disease, and many other gastric acid complications. Side effects of long-term 
use of such medications include headache, nausea, diarrhea, abdominal pain, 
fatigue, and dizziness. Long-term adverse effects include hypomagnesemia, vitamin 
B 12  defi ciency, and iron, calcium, and zinc defi ciency. Long-term use of PPIs and 
H 2 -receptor antagonists could lead to chronic gastric complications, pneumonia, 
enteric infections, anemia, increased risk of bone fracture, and ARC [ 41 ].  

10.8     Network Antioxidants, Not High Dose Antioxidants 

 Nutrition is an important factor in preventing a variety of pathogenic and 
 age- related diseases. It has been suggested that proper nutrition could decelerate 
aging and aging-related diseases. Many investigations have studied the association 
between high dose vitamins C, E, and various physiological and age-related dis-
eases, such as ARC and AMD. One study showed that taking high dose vitamins C 
and E had no appreciable effect on preventing ARC or AMD [ 42 ]. Another study 
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stated that taking antioxidants as a network is more effi cacious in preventing 
 oxidative damage [ 43 ]. 

 As ARC results from oxidative damage via free radical damage, scientists have 
focused more on dietary intake of antioxidants. Vitamin C (ascorbic acid) is located 
in the aqueous compartments of lens membranes, where it may function as an 
antioxidant and protect lens proteases from photooxidative destruction. Vitamin E 
is a lipid-soluble antioxidant concentrated in lens fi bers and membranes and may 
inhibit cataract formation by reducing photoperoxidation of lens lipids and 
stabilizing lens cell membranes [ 42 ]. Recommended dietary allowance (RDA) of 
vitamin C for male and female adults are 90 and 75 mg, respectively. RDA for 
vitamin E for both male and female adults is 15 mg or 22.4 IU [ 44 ]. 

 As a general thought, one would suppose that taking higher doses of vitamins 
and antioxidants would have a strong advantage on preventing disease and aging- 
related oxidative damage. However, many large scale long-term randomized 
controlled trials have disproven this hypothesis [ 45 ]. In fact, two population-based 
prospective cohort studies on men and women concluded that taking high doses of 
vitamin C (1,000 mg/day) and E (100 mg/day) supplements, but not low dose, was 
associated with higher risks of developing ARC [ 46 ]. A randomized, triple masked, 
placebo controlled, fi eld based 5-year clinical trial from South India explored the 
effect of antioxidant supplements such as beta-carotene and vitamins C and E on 
slowing ARC progression. Results were negative, showing that there was no 
signifi cant difference between groups taking the supplements versus placebo [ 47 ]. 

 Dr. Lester Packer is one of the primary science researchers investigating the 
association of antioxidants and aging and aging-related diseases. His book,  The 
Antioxidant Miracle,  explores antioxidant activities, advantages, and side effects. 
He introduces the concept of an antioxidant network, in which antioxidants do not 
work separately or independently from each other, but rather interact with one 
another in complex ways. Among hundreds of antioxidants he refers to, only fi ve 
antioxidants form this network: vitamins C and E, glutathione, lipoic acid, and 
coenzyme Q10 (CoQ10). The book’s central thesis is that each antioxidant, through 
its normal course of activity, will become a pro-oxidant after neutralizing destructive 
free radical species. This being said, these new pro-oxidants are not as dangerous, 
but they still require elimination from the body [ 48 ].  

10.9     Seminal Importance of the Glutathione 
and Ascorbate Redox State 

 Glutathione (GSH), the most predominant low molecular weight thiol in human 
cells, is a tripeptide containing the amino-acids cysteine, glycine, and glutamate. 
The sulfhydryl (R-SH, thiol) group of cysteine residues allows this molecule to be 
the most important endogenous intracellular antioxidant. Eighty-fi ve to ninety 
percent of cellular GSH (0.5–10 mmol/L) exists in the cytosol and the remainder are 
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in organelles such as the mitochondria and nuclear matrix. Extra-cellular GSH can 
be found in concentrations as low as 2–20 μmol/L in plasma, with the exception of 
bile acid, which could have up to 10 mmol/L of GSH. Due to the thiol cysteine resi-
due, GSH is capable of reducing free radicals and oxidative species to less danger-
ous compounds, becoming glutathione disulfi de (GSSG) in the process. GSSG 
leaves the cell after being converted to its oxidized status and this contributes to 
intracellular loss of reducing power (see Fig.  10.2 ).  

 The GSH to GSSG concentration ratio is an important indicator of the cellular 
redox state and is associated with mortality risk. Under the healthy physiological 
state, GSH is about ten times more common than GSSG. This ratio refl ects the 
oxidative and anti-oxidative status of cells. GSH production takes place in almost 
all cells of the human body through two pathways controlled by the cytosolic 
enzymes, gamma-glutamylcysteine synthetase (GCS), and GSH synthetase. 
The liver is the major producer and exporter for this natural antioxidant in the body 
[ 49 ]. However, GSH forms in the same manner within anterior lens epithelium and 
researchers have discovered that cataractous lenses have as much as 81 % less GSH 
concentration compared to that of clear lenses. There is no solid answer yet on 
whether this phenomenon is caused by a decrease in GSH production or defective 
GSSG recycling, or if there is an increase in GSH degradation in cataractogenosis. 
Researchers have also not ruled out the probability of direct loss of GSH from the 
lens by metabolic assault [ 50 ]. 

 GSH can be found naturally in meat, eggs, milk, asparagus, watermelon, avocado, 
grapefruit, garlic, and onion. Precursor thiols can be taken in supplement form (i.e., 
 N -acetyl cysteine). 

10.9.1     The Glutathione-Ascorbate Cycle 

 GSH and vitamin C are both strong antioxidants. Ascorbate (ASC) reduces free 
radical species via ascorbate peroxidase (AscP) and converts to its oxidative state, 
mono-dehydroascorbate (MDA). MDA in turn is a radical itself and requires rapid 
reduction back to ascorbate or dehydroascorbate. MDA is reduced to ascorbic acid 
via mono-dehydroascorbate reductase (MDAR) by oxidizing NADH to NAD − . 
GSH is in charge of reducing dehydroascorbate to ascorbic acid via dehydroascorbate 
reductase and becomes GSSG in the process. GSSG is then recycled back to its 

  Fig. 10.2    Schematic of the glutathione–ascorbate cycle.  GR  glutathione reductase,  DHAR  dehy-
droascorbate reductase,  MDAR  mono-dehydroascorbate reductase,  AscP  ascorbate peroxidase       
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reduced state via glutathione reductase using NADPH as an electron donor [ 51 ] (see 
Fig.  10.2 ).   

10.10     Vision Degradation in Cataract: 
Clinicians Can Do Better 

 Given the lens’s close association with healthy aging, as well as with the advent of 
pharmaceuticals and nutraceuticals to slow down and reverse ARC, new opportuni-
ties for vision assessment are now materializing. Metrics that accurately describe 
and record the structure and function of the lens are desperately needed. Reliance 
upon Snellen visual acuity in the twenty fi rst century is questionable. In addition to 
patients’ history, ocular examinations could include visual testing well beyond the 
simple high-contrast Snellen visual acuity and visual fi elds that are often not 
degraded, or provide a misleading representation of the extent of a patient’s visual 
disability [ 52 ]. Such auxiliary tests can be divided into two categories: (1) tests that 
evaluate vision at different contrasts and (2) tests that evaluate the effect of light 
scatter, or disability glare. Disability glare is due to scattered intraocular strays of 
light that disturb normal vision and reduce contrast of the image formed on the ret-
ina [ 53 ]. Specifi cally, this would include a measure of the contrast sensitivity func-
tion (e.g., Stereo Optical Functional Vision Analyzer™) [ 54 ] or a measure of visual 
acuity at low contrast values of 10–25 % using inexpensive specially designed read-
ing cards or modern optical electronic projection acuity devices [ 55 ]. The issue with 
measuring contrast degradation in ARC is that contrast sensitivity is a nonspecifi c 
metric that can also be degraded by AMD, glaucoma, and neurodegenerative dis-
ease such as Alzheimer’s disease or Parkinson’s. 

 There are various other offi ce devices for evaluating lens transparency of the 
aging eye, such as GALILEI™, iTRACE™, and Pentacam™. GALILEI™ utilizes a 
dual revolving Scheimpfl ug camera that takes several images to display a three- 
dimensional analysis of the anterior chamber of the eye and topography of the cornea 
and the lens [ 56 ]. iTRACE™ takes advantage of ray tracing technology for analyzing 
corneal aberrations and visual function of the eye by employing binocular open fi eld 
analysis of refraction that provide an accurate and complete wavefront map. This 
instrument also analyzes corneal diagnostic indices and calculates advanced intra-
ocular lens parameters [ 57 ]. Pentacam ®  evaluates the anterior and posterior corneal 
surfaces, which provides true total refractive power of the cornea [ 58 ].  

10.11     The Pentacam ®  PNS 

 The advantages of Pentacam ®  are the 5-function biometric capability of imaging the 
cornea, anterior chamber, and human lens in various planes and describing 
presurgical optical distortions resulting from keratoconus, prior refractive surgery, 
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and ARC. The Pentacam ®  provides precise geometric information on structure, 
elevation, curvature, pachymetry (corneal thickness), depth of the anterior eye 
chamber, and derived topography of front and back corneal surface aberration. 

 The Pentacam ®  is a device consisting of a slit illumination system and a 
Scheimpfl ug camera capable of constructing three-dimensional images of the 
anterior segment of the eye by rotating and taking images in various planes. One 
important advantage of Pentacam ®  over other imaging devices is that its two special 
cameras compensate for eye movement. Also, its slit fl ash light is capable of 
transversing not fully transparent ocular tissue such as the lens. Illuminated biologic 
tissue scatters light, allowing for sectional pseudo-anatomic images to be captured 
[ 58 ]. The Pentacam ®  mathematically reconstructs the tomographic structure of the 
cornea and distance between anterior segment tissues and the lens. Recorded images 
allow for serial evaluation over time. With respect to the lens, the Scheimpfl ug 
camera takes several images by shining bright fl ashes through a dilated pupil, to 
measure density and depth. The Pentacam ®  is able to measure a cataract’s location, 
density, thickness, and consistency. Another advantage of this device is its ability to 
evaluate anterior cortical and subcapsular cataract as well as posterior capsular 
opacifi cation. It utilizes a precise densitometer that allows physicians to measure 
lens density variation [ 59 ]. Technicians in optometry or ophthalmology offi ces 
operate the Pentacam ®  and take only a few minutes to digitally image the human 
lens, with immediate densitometry data displayed. 

 Pentacam ®  densitometry is a novel clinical method for in offi ce quantifi cation of 
nuclear cataracts. Dr. Michael Belin, professor of ophthalmology at the University 
of Arizona demonstrated various clinical uses of the Pentacam ®  for corneal disease, 
refractive surgery, glaucoma, and cataract management. Regarding cataracts, it 
could be utilized for lens densitometry, post refractive intraocular lens calculation, 
and limbal relaxing incision planning. Pentacam ®  examination can be performed in 
normal and dilated pupils to evaluate nuclear density, or lens densitometry. This is a 
feature that scans various sections of the eye to provide a three-dimensional structure 
of the lens. This image can be used to quantify the density of cataracts and 
phacoemulsifi cation settings in cataract surgery [ 60 ] (see Fig.  10.3 ).   

10.12     The NASA Fiber Optic Imaging Device 
Using Dynamic Light Scattering (DLS) 

 There are many optical imaging techniques available currently for grading cataract, 
such as clinical Scheimpfl ug or slit-lamp photographic grading and various retro- 
illumination photographic devices. These methods could detect the cataracts graded 
equal or higher than 2 based on LOCS III [ 61 ]. Based on the American Optometric 
Association, a grade 2 cataract is already at a moderate stage [ 5 ]. Diagnosis 
of cataract in the early stages, before its progression to grade 2 or further, 
could be helpful for subclinical diagnosis and implementing early treatment [ 61 ]. 
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Dr. Ansari et al. invented the fi ber optic imaging probe using Dynamic Light 
Scattering (DLS) that can noninvasively detect and quantify the cataract in such 
early stages. This device can detect cataract two to three orders earlier in magnitude. 
The DLS system is also sensitive enough for early detection of vitreous modalities, 
corneal structures, and cataracts. In clinical settings, the volume of projected light 
on the lens is small and limited, and any minor deviation in opacifi cation could alter 
the results signifi cantly [ 62 ]. 

 This device consists of a digital camera, automated fi ber optic probe, a detector, 
and a digital correlator. By combining a corneal analyzer (Optikon 2000 Keratron, 
Italy) and DLS fi ber optic imaging probe, a new clinical device for early detection 
of cataracts was created. This modifi ed version of a corneal analyzer uses the power 
of DLS system to overcome issues related to projecting scattering light on the lens. 
An important feature of this instrument is the alignment program. It uses two fi ber 
optic position sensors; one sending an infrared beam of light and the other collecting. 
This feature allows for infrared light instead of lasers for aligning the cameras. Once 
the infrared light passes through the cornea, the device is aligned with the corneal 
vertex and no more infrared light passes through the eye. Therefore, this feature 

  Fig. 10.3    Clinical example of Pentacam ®  densitrometry to measure nuclear lens opacifi cation       
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makes the system safe to evaluate human ocular tissue. As the instrument achieves 
its desired position, the DLS system begins projecting light for 2 or 5 s into the eye 
[ 63 ]. By the end of the procedure, the system saves and displays the DLS refl ections 
and corneal map data (see Figs.  10.3  and  10.4 ).  

 Dr. Datiles et al. took advantage of the DLS method for clinical detection of pre- 
cataractous lens at the molecular level. They investigated changes of α-crystallins, 
which are molecular chaperones that prevent uncontrolled aggregation and unfold-
ing of lens’ proteins, keeping the lens clear from opacifi cation. As age increases, 
there are less α-crystallin proteins available inside the lens, causing damaged pro-
teins to aggregate and decrease transparency. Therefore, measuring the α-crystallin 
proteins in human lenses could be a signifi cant refl ection of protective reserve. 

 For this purpose, the DLS fi ber optic imaging probe was placed inside a kerato-
scope (Keratron; Optikon 2000 SpA, Rome, Italy) with a three-dimensional aiming 
system. This instrument projects DLS light for 5 s into the eye and collects the scat-
tered beams as random proteins inside the lens refl ect light. Scattered light intensity 
is evaluated through mathematical measurements and time-autocorrelation show 
the amount of light scattered by α-crystallins and other aggregated proteins. 
Aggregated proteins have higher molecular weight than α-crystallin proteins and 
will scatter the light differently [ 61 ]. With DLS and previously mentioned devices, 
cataracts can be detected early and noninvasively (see Fig.  10.4 ). 

  Fig. 10.4    Schematic diagram of the DLS optical system. Reprinted from [ 63 ] with permission 
from Dr. Manuel B. Datiles III       
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10.13     CATRA: Cataract Maps from a Snap-on 
Eyepiece for Mobile Phones 

 Current diagnostic methods for cataract are based on back-scattering techniques, 
such as slit-lamp examination, requiring highly trained professionals or costly 
techniques like optical coherence tomography. Camera Culture Group at MIT 
developed CATRA, a compact self-evaluation device to detect and quantify human 
cataracts in third world countries using ordinary “smart phones.” A modifi ed 
parallax barrier is used to scan the crystalline lens and compute maps for opacity, 
attenuation, contrast, and point spread function (PSF). CATRA combines optics and 
mathematical knowledge with computer graphics to address an important vision 
problem through a user-based interactive technique. 

 CATRA has no moving parts and is built from low-cost components, which lets 
developing countries take advantage of this device. Cataracts scatter incoming light 
toward the retina and modify the eye’s PSF. As the cataract progresses, the PSF 
loses its characteristic peak and the perceived image on the retina will be more 
blurry. CATRA generates collimated beams of light that go through the lens in order 
to project patterns on the fovea. The user sees these patterns and presses a few 
buttons to map the attenuation, opacity, contrast and other intrinsic parameters. This 
device is designed with a pair of stacked liquid crystal displays (LCDs), which 
constructs a programmable parallax barrier. Opacity and attenuation map are 
attained with a simpler design through a fi xed pinhole on top an LCD. Existing 
cataract examination devices rely on back-scatter profi les but CATRA evaluates 
forward-scattering outlines to measure lens PSF with no coherent light sources or 
mechanical techniques. More importantly, CATRA solved the gazing issue by 
 projecting a collimated beam of light directly onto the fovea. 

 In order to assess lens opacities, a fast scan is utilized as users perceive slight 
changes of brightness of a centered dot. Attenuation maps are attained by asking the 
user to match the brightness of beams that pass through various affected segments 
of lens against the reference point. CATRA by measuring the levels required to 
recognize the rotation of a pattern of each projected collimated path creates the 
contrast map. The PSF of each sub-aperture is attained by projecting a parametric 
pattern through a clear path that is matched with those naturally occluded paths [ 64 ] 
(see Table  10.4 ).

10.14        Computer-Aided Diagnosis System for Nuclear 
Cataract and Quantifi cation via Slit-Lamp Images 

 Currently, ophthalmologists, optometrists, or trained technicians grade cataract via 
LOCS III or Oxford Clinical Cataracts Classifi cation and Grading System 
(OCCCGS) [ 65 ]. In order to quantify the severity of cataracts, specialists compare 
slit-lamp examination fi ndings with a set of standard photographs with increasing 
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nuclear sclerosis, cortical opacifi cation, and posterior subcapsular opacifi cation. In 
this age, diagnosis of cataract and precise quantifi cation is necessary to take place 
more effi ciently. The current medical quantifi cation is subjective, time consuming, 
and requires a large amount of training [ 66 ]. More importantly, each person grades 
cataract differently even with the standard grading system in place. For grading 
nuclear sclerosis, the interobserver agreement was found to be around 65 % and the 
intragrader agreement was between 70 and 80 % [ 66 ]. 

 In order to have a consistent system that neither requires highly trained techni-
cians nor being time consuming, a computer-aided diagnosis imaging program 
would be welcome. This novel system must be as precise and acceptable as edu-
cated practitioners’ and trained technicians’ quantifi cations. In this regard, the 
Computer- Aided Diagnosing System (CADS) for grading nuclear cataracts was 
introduced by Dr. Huiqi Li and his colleagues. Dr. Li is a Senior Research Fellow at 
the Institute for Infocomm Research, Agency for Science, Technology and Research 
in Singapore. 

 Via CADS, nuclear cataracts are automatically detected and graded through slit- 
lamp images. In the history of ophthalmology, there have been various attempts for 
automatic quantifi cation of nuclear cataracts, such as depiction of anatomical 
structures on visual axes. However, due to low signal to noise ratio (SNR), these 
studies were unsuccessful. CADS for grading nuclear cataracts, the most common 
type, includes three fundamental components of structure detection, feature 

   Table 10.4    Comparison of CATRA technique against current available technologies and research 
tools   

 Slit- 
lamp + visual 
acuity tests 

 Scheimpfl ug 
photography 

 Retro- 
illumination 
techniques 

 Shack–
Hartmann 
wavefront 
aberrometer 

 Optical 
coherence 
tomography  CATRA 

 Scattering  Backward  Backward  Forward  Forward  0  Forward 
 Training  High  High  Medium  Low  High  Low 
 Data log  No  Computer  Computer  Computer  Computer  Cellphone 
 Mobility  >1 kg  >10 kg  >10 kg  >10 kg  >10 kg  <300 g 
 Speed  Slow  Slow  Fast  Fast  Medium  Fast 
 Scalability  Hard  Hard  Hard  Hard  Hard  Easy 
 AC need  Yes  Yes  Yes  Yes  Yes  No 
 Networked  No  No  No  No  No  Yes 
 Self- 
diagnose  

 No  No  No  No  No  Yes 

 Method  Subjective  Subjective  Objective  Objective  Objective  Subjective 
 Early 
cataracts 

 Hard to fi nd  Hard to fi nd  Hard to fi nd  Yes  Yes  Yes 

 Accuracy  Personal 
skills 

 Personal 
skills 

 Personal 
skills 

 High  High  High 

 Cost  $5,000.00  $20,000.00  $5,000.00  $15,000.00  $10,000.00  $2.00 
  Reprinted from [ 65 ] with permission from the Association of Computing Machinery, Inc.  
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extraction, and grade prediction. The most important module is the anatomical 
structure detection factor, which must be highly accurate. 

 In this regard, bottom-up processing and top-down processing have been utilized 
for precise anatomical lens structure detection. Bottom-up strategy is used to locate 
lens position and top-down processing is used to hypothesize the results. Ultimately, 
lens structure detection takes place by a top-down strategy through a local searching 
method of Active Shape Model (ASM). ASM assists with corneal detection, 
horizontal and vertical profi le clustering, and lens estimation through fi ve steps of 
initialization: matching point detection, transformation between shape space and 
image space, model update, and convergence evaluation (see Fig.  10.5 ).  

 The next component is feature extraction, which is entirely based on detected 
anatomical lens structures by the prior level. Local features are extracted according 
to standard clinical protocols and identifi ed landmarks. For the purpose of automatic 
grading, the Support Vector Machine (SVM) regression method is applied. Through 
various mathematical equations, the SVM regression method analyzes data provided 
by the last two components and grades the nuclear cataracts on the slit-lamp images. 
This system has been validated using over 5,000 clinical images. The success rate 
of structure detection has been shown to be 95 % and the average grading difference 
is 0.36 on a 5.0 scale. 

 The user interface of CADS is simple and user-friendly. The main menu consists 
of three features for loading images, feature extraction, and predicting cataract grades. 
In just a few seconds after uploading the slit-lamp image into the program, the nuclear 
cataract is quantifi ed and its grade appears in a small box on the main page. 

  Fig. 10.5    Anatomical structure detection on a slit lamp image via Computer Aided Diagnosis 
System. Reprinted from [ 67 ] with permission from IEEE       
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Operation of this software does not require any specifi c educational level or past 
experience with similar equipment. This allows the system to be easily approachable 
in any ophthalmology or optometry clinic. Another useful feature of this program is 
the user intervention function. This feature allows users to fi ne-tune images that 
require correction before being graded. Special cases such as inaccurate focus, small 
pupil, or upper eyelid obscuration can be fi xed prior to utilizing the grading program. 
This system is also able to process large numbers of images sequentially as it includes 
a batch processing mode [ 67 ]. Therefore, slit-lamp images could be uploaded and 
graded signifi cantly faster than grading nuclear cataracts in an offi ce setting. 

 The CADS for automatic grading of nuclear cataracts could improve the quality 
of health care by being more objective and consistent toward diagnosis. This system 
is based on ophthalmology standard protocols and saves time and workload for 
ophthalmologists, optometrists, and technicians. The user can utilize this system to 
grade a large number of slit lamp images in less time (see Figs.  10.5  and  10.6 ).    

10.15     mapcat SF ™: Dual Macular Pigment and Lens 
Opacifi cation as a Broad Measure of Systemic Health 

 mapcat SF ™ is a noninvasive, non-mydriatic optical instrument with a unique fea-
ture of simultaneously providing both lens and macular pigment optical densities. 
The instrument output includes the patient’s “lens equivalent age” and the percentage 

  Fig. 10.6    User interface of the Computer Aided Diagnosis of Nuclear Cataract Software. 
Reprinted from [ 67 ] with permission from IEEE       
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of blue light blocked by the patient’s macular pigment. The instrument operates on 
the principle of heterochromatic fl icker photometry (HFP), generating visual stim-
uli that alternate rapidly between blue and green wavelengths. The patient adjusts 
the relative intensities of the two wavelengths to minimize perception of fl icker. 
A large stimulus provides a measurement that is dominated by optical fi ltering by 
the lens, and a small stimulus provides a measurement that is, in addition, depen-
dent on fi ltering by the macular pigment. The instrument is designed for ease of 
operation, particularly by elderly patients. The problem of Troxler fading of periph-
erally viewed stimuli experienced in traditional HFP is eliminated (see Fig.  10.7 ).   

10.16     ClearPath DS-120: Measurement of Lens 
Autofl uorescence Can Distinguish Subjects 
with DM from Those Without 

 Lens autofl uorescence increases with age, which is consistent with the physiologi-
cal mechanism of accumulation of advanced glycation end-products (AGEs). Lens 
autofl uorescence has also been shown to increase with DM, duration of DM, and 
blood glucose levels, and has been shown to predict diagnosis of diabetes mellitus. 
This has been linked with pathology that accompanies DM, such as diabetic reti-
nopathy. Interestingly, free reducing sugars initiate glycation and therefore diabetics 
usually show accelerated accumulation of AGEs. Thus, they are at higher risk for 
developing ocular, vascular, and other complications of DM compared to those 
without DM. 

 ClearPath DS-120 detects lens autofl uorescence noninvasively in 6 s. With 
immediate results and no required blood draw, it is possible to diagnose prediabetic 
patients earlier than with traditional methods. ClearPath works by projecting a 
focused beam of blue light on the lens and measuring the autofl uorescence of the 

  Fig. 10.7    mapcat SF ™ 
measures macular pigment 
optical density and lens 
opacifi cation. Reprinted from 
[ 69 ] with permission from 
Dr. Karen Thomas       
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refl ected light. The fl uorescence ratio of the patient’s lens is displayed on a touch 
screen tablet and based on the ratio percentiles, further DM testing may be recom-
mended. The results of the ClearPath evaluation can be recorded electronically and 
printed for further analysis by referring physicians. A comparison of the lens auto-
fl uorescence with other screening methods in terms of specifi city and sensitivity for 
diagnosing DM has been promising. Lens autofl uorescence has a specifi city and 
sensitivity of 94 and 67 %, while fasting blood glucose has 95 and 60 % and hemo-
globin A1C has 79 and 49 %, respectively [ 68 ] (see Fig.  10.8 ).   

10.17     Conclusion 

 The human lens is a biomarker of successful aging. Nuclear cataracts are a proxy 
measure of the glutathione redox state as modulated by ascorbic acid and support-
ing micronutrient status. It is related to the general health of the individual. Cortical 
cataracts are related to excessive sugar and carbohydrate intake, glycemic status, 
and risk of diabetes. Posterior subcapsular cataract often refl ects local retinal and 
systemic metabolic pero-oxidative disturbances. Meaningful application of new 
lens imaging technologies affords the opportunity for the clinician to quantify the 
extent of lens opacifi cation. Serial measurement of cataract with simple to highly 
evolved computational digital optoelectronic instrumentation opens up the possibil-
ity for providing individualized therapeutic intervention. This is especially impor-
tant for our most vulnerable citizens. These patients include smokers, alcoholics, 
polypharmacy users, the elderly and malnourished populations who are not con-
suming or assimilating adequate plant food (vegetables and fruit). The Physicians 

  Fig. 10.8    ClearPath DS-120 
measures lens 
autofl uorescence for early 
detection of diabetes mellitus. 
Reprinted from Freedom 
Meditech website with 
permission from Dr. Mark 
Miehle (  http://www.
freedom-meditech.com/    )       
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Health Study and AREDS II cataract sub-analysis provide evidence that these 
vulnerable populations, with low plant food intake, may benefi t from dietary coun-
seling and simple supplemental repletion of dietary antioxidants and supporting 
cofactor minerals and vitamins.     

  Acknowledgement   This chapter is based on original clinical work supported by the Optometry/
Ophthalmology sections of Captain James A Lovell Federal Health Care Facility, DVA-Naval 
Medical Center, North Chicago, IL, USA.  
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11.1             Oxidative Stress in Lens 

11.1.1     Aging 

 Cataract is an opacity in the ocular crystalline lens, which results in visual disturbance 
if it is located on the visual axis. Cataract is a major cause of blindness globally. 
With aging, lens proteins undergo nonenzymatic, posttranslational modifi cation 
and the accumulation of fl uorescent chromophores, increasing susceptibility to 
oxidation and cross-linking and increased light scatter [ 1 ]. Because the human lens 
grows throughout life, the lens core is exposed for a longer period to such infl uences 
and the risk of oxidative damage increases in the fourth decade when a barrier to the 
transport of glutathione forms around the lens nucleus. Consequently, as the lens 
ages, its transparency falls and the nucleus becomes more rigid, resisting the change 
in shape necessary for accommodation. This is the basis of presbyopia. In some 
individuals, the steady accumulation of chromophores and complex, insoluble 
crystallin aggregates in the lens nucleus leads to the formation of a brown nuclear 
cataract. The process is homogeneous and the affected lens fi bers retain their 
gross morphology. Cortical opacities are due to changes in membrane permeability 
and enzyme function and shear-stress damage to lens fi bers with continued accom-
modative effort. Unlike nuclear cataract, progression is intermittent, stepwise, and 
nonuniform.  
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11.1.2     Cataract 

11.1.2.1     Oxidative Stress of the Ocular Lens 

 Reactive oxygen species (ROS) play an important role in various biological 
processes. Oxidation of proteins has been associated with the aging process and 
many diseases. Free radicals can induce cumulative and irreversible damage to 
molecules, abnormality of cellular function and even cell death. Oxidative stress is the 
condition of the cellular damage from ROS exposure due to an imbalance between 
cellular ROS production and repairing damage caused by ROS [ 2 ]. We review the 
role of oxidative stress in the human ocular crystalline lens.  

11.1.2.2     The Human Eye Lens and the Mechanism of Cataract 

 The lens is rare transparent structure which can be observed from the outside. 
It transmits light of various wavelengths, but fi lters almost ultra violet (UV) light 
which can damage the retina so that light hitting the retina is almost exclusively 
composed of visible wavelengths [ 3 ]. This UV fi ltering role of the lens is known to 
cause damage to lens proteins and may contribute to the development of cataract 
[ 4 ,  5 ]. To achieve the necessary refractive index for the lens to transmit light infor-
mation, the protein concentration of the lens must be very high. The center of human 
lens contains a protein concentration as high as 450 mg/mL [ 6 ]. The lens epithelium, 
which covers the anterior surface of the organ, contains the majority of transporters 
and metabolic enzymes in the lens [ 7 ,  8 ] and is responsible for the growth and 
development of the entire lens [ 9 ]. Lens epithelial cells near the lens equator 
differentiate to form the fi ber cells. This area of lens differentiation is called the 
superfi cial lens cortex. Mitochondrial respiration, carried out in the lens epithelium 
and superfi cial cortical fi bers, accounts for 90 % of the oxygen consumed by the lens, 
although other oxygen consumers are found in the area beyond these mitochondria 
containing cells [ 10 ]. Oxygen enters the lens tissue via diffusion from the surrounding 
aqueous and vitreous humors but its consumption of oxygen keeps the partial pressure 
of oxygen in the lens fi bers lower than at the surface of the lens [ 10 ]. In this way, 
potentially detrimental effects of oxygen on lens fi ber cell proteins are minimized. 
This is important for the maintenance of lens homeostasis since the fi ber cells are 
devoid of organelles and contain the majority of lens crystallin proteins required for 
light refraction [ 11 ]. Protein aggregation in the fi bers as a result of oxidation, other 
protein modifi cation and/or proteolysis results in loss of lens transparency and 
cataract formation [ 12 – 15 ]. In patients treated with hyperbaric oxygen (higher than 
normal oxygen tension), a high proportion go on to develop cataracts [ 16 ]. Treatment 
of guinea pigs with hyperbaric oxygen induced cross-linking of guinea pig lens 
nuclear crystallins into large disulfi de-bonded aggregates capable of scattering 
light [ 17 ]. Collectively these properties of the lens make it uniquely susceptible to 
oxidative stress and consequently the lens has evolved a multitude of systems to 
combat ROS damage. 
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   Sources of Lens ROS 

 Reactive oxygen species (ROS) are small readily diffusible molecules that contain 
unpaired electrons and include the hydroxyl radical (•OH), the superoxide anion (O 2 · − ), 
hydroperoxyl radicals (HO•2), and peroxynitrite (OONO − ). Hydrogen peroxide (H 2 O 2 ) 
and singlet oxygen ( 1 O 2 ) contain their full complement of electrons but exist in an 
unstable or reactive state. ROS form in cells as a consequence of both endogenous 
and exogenous oxidative stress initiators including altered cellular respiration, viral 
infection, immune activity, disease states, U.V.-light exposure, radiation exposure, 
smoke, metals, and drugs. Importantly, a fundamental source of endogenous ROS is 
produced in the mitochondria via the electron transport chain where ineffi cient 
electron coupling leads to the formation of O 2 · −  [ 18 ,  19 ]. It has been estimated that 
as much as 2 % of oxygen is converted to O 2 · −  under normal respiratory conditions 
[ 18 ,  20 ]. O 2 · −  is converted by the superoxide dismutases (detailed later) to form 
H 2 O 2 , H 2 O 2  in the presence of metal ions in the Fenton reaction can form the highly 
reactive and damaging •OH radical [ 21 ]. Interaction of O 2 · −  and nitric oxide (NO), 
a well characterized signaling molecule, gives rise to OONO − , while  1 O 2  may arise 
from absorption of photochemical energy by O 2  [ 22 ]. These many propagation 
reactions demonstrate that production of O 2 · −  can give rise to multiple damaging 
ROS species and thus the lens requires special antioxidant and enzyme systems to 
prevent damage to lens proteins exposed to ROS sources. Mitochondria produce 
less ATP and more ROS upon aging in mammalian tissues [ 22 ]. This leads to further 
mitochondrial damage and more ROS production. This gradual progression towards 
O 2 · −  production coupled with decreased antioxidant activity and levels in aging 
tissue is believed to contribute to a number of age- related degenerative disorders 
including age-related cataract. Evidence that mitochondrial ROS may play a role in 
lens protein oxidation and cataract formation comes from the fact that some inherited 
mitochondrial diseases are associated with an elevated risk of cataract [ 23 ], although 
the mechanisms underlying this phenomenon have not fully been elucidated. Several 
studies have provided evidence that loss of lens repair systems results in loss of 
mitochondrial combined with increased ROS levels in lens cells [ 24 ].  

   Defense Systems of Lens 

 ROS cause oxidative modifi cations to proteins resulting in loss or gain of function 
and protein aggregation which results in light scatter and cataract formation. 
Oxidative stress defense mechanisms operating to defend or protect the lens against 
ROS range from simple ROS scavenger systems to more advanced enzyme protective 
systems, free metal binding proteins, and actual repair proteins that can restore 
normal function to oxidatively damaged proteins. The lens is also home to an 
interesting family of chaperone proteins that act to prevent aggregation of oxidized 
proteins within the cell. Failures in antioxidant defense/detoxifying systems to 
protect proteins against oxidative stress-induced damage or subsequent failure 
of the protein repair systems to restore protein activity by reversing oxidative 
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stress- induced damage requires the action of protein salvaging systems such as 
the proteasome [ 25 ] which degrade damaged proteins. Importantly, many of these 
antioxidant and repair systems also depend on the availability of specifi c reducing 
systems which may critically limit and regulate the function of these systems in the 
lens. The many layered systems of lens antioxidant defense and repair under normal 
circumstances function effi ciently to prevent damage to lens proteins and prevent 
cataract formation. Oxidative stress has been implicated in a number of ocular 
diseases including age-related macular degeneration (AMD) [ 26 ], cataract [ 12 – 15 ,  27 ], 
Uveitis [ 28 ], corneal infl ammation [ 29 ], glaucoma [ 30 ,  31 ], and Keratitis [ 32 ]. 
Understanding the roles and mechanisms that underlie the activities of these lens 
oxidative defense systems provides insight into the understanding of these and 
other oxidative stress-associated diseases. These systems and their functions are 
summarized in Fig.  11.1 .    

11.1.2.3    Oxidative Stress Defense and Repair Systems of the Ocular Lens 

   General ROS Scavengers of the Ocular Lens 

 General ROS scavengers can be roughly described as those molecules that 
nonenzymatically eliminate ROS by acting as chain breakers to directly prevent the 
propagation of ROS formation through direct binding and detoxifi cation of ROS 
and/or ROS generators. In the lens, the primary reducing system or ROS scavenger 
is glutathione (GSH). Other important and well studied ROS scavengers in the lens 
are ascorbate (vitamin c) and vitamin E, while the cartotenoids, which are supplied 
solely in the diet, have been the subject of multiple supplementation studies to 
determine their ability to prevent or delay AMD and cataract. 

   Glutathione 

 GSH is the primary scavenger of ROS in the lens and the predominant reducing 
system in other ocular tissues, including the retina and cornea where it protects 
against chemical and oxidative stress-induced damage [ 33 ]. GSH is a dual function 
peptide that also participates in regulation of DNA and protein synthesis, cell-cycle 
control, signal transduction, and proteolysis. It is also involved in multiple meta-
bolic pathways and the immune response [ 34 ]. GSH exists in unusually high levels 
in the lens. GSH functions to maintain protein thiol groups in their reduced form 
and therefore maintaining normal protein function [ 33 ]. GSH is maintained in its 
reduced form by the enzyme glutathione reductase. Under normal cellular condi-
tions in the lens epithelium [ 35 ,  36 ] GSH is almost entirely found in its reduced 
state [ 37 ,  38 ] with barely detectable levels of the oxidized form of GSH (GSSG). 
GSH is also found at high levels in the lens fi ber cells where it is likely transported 
from the epithelium to the fi ber cells through lens connexins. GSH is completely 
broken down and resynthesized in the rabbit lens about every 48 h [ 39 ]. The epithelium 
of the lens also contains an active glutathione redox cycle. This pathway involves 
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glutathione reductase (GSH-Rx), NADPH, and the hexose monophosphate shunt 
(HMPS) which all function to reduce GSSG back to active GSH [ 40 – 42 ]. Cultured 
human lens cells challenged with H 2 O 2  show a linear increase in HMPS activity 
while rabbit lenses subjected to t-butyl hydroperoxide (tBHP) stress show near 
complete oxidation of GSH to GSSG, but this ratio is reversed after recovery in 
complete medium [ 43 ] possibly as a consequence of increased shunt and glutathione 
redox cycle activity. Treatment of cultured lens epithelial cells with 0.1 mM H 2 O 2  
for up to 180 min showed depletion of the GSH pool over the fi rst 60 min followed 

  Fig. 11.1    Summary of oxidative stress defense system in eye lens. Multiple exogenous (ultraviolet 
light, drugs, metals, and smoke) and endogenous (peroxisomes, lipooxygenases, immune activity 
and altered mitochondrial respiration) sources of oxidative stress result in the formation of multiple 
forms of ROS such as O 2 · − , H 2 O 2 , and •OH. Two types of antioxidant systems (general and enzy-
matic detoxifi ers) normally detoxify these reactive oxygen species to maintain lens homeostasis. 
These include GSH, MnSOD, CuZnSOD, catalase, the peroxiredoxins, and glutathioine peroxidase. 
Simultaneously, metallothioneins and ferritin function to limit access to free metals. Failure of 
these antioxidant systems leads to oxidation of proteins, loss of protein function, and protein 
aggregation. Specifi c repair systems including the Msrs and thioltransferase, thioredoxin can repair 
proteins restoring their normal function. Chaperone proteins such as αA-crystallin, αB-crystallin, 
and Hsp27 can remove toxic protein aggregates. Failure of these antioxidant defense and repair 
systems results in irreversible protein aggregation, loss of lens cell function, and ultimately cataract 
formation.  ROS  Reactive oxygen species,  GSH  glutathione,  MnSOD  Manganese superoxide 
dismutase,  CuZnSOD  copper zinc superoxide dismutase,  Msrs  methionine sulfoxide reductases, 
 Hsp27  Heat shock protein 27       

 

11 Oxidative Stress in Lens



192

by full recovery [ 44 ], illustrating that lens cells react quickly to reduced GSH levels. 
Levels of reduced GSH have been shown to decrease in the human lens with 
increased aging [ 35 ] [ 45 ,  46 ] and upon cataract formation [ 36 ]. GSH was also 
observed to decrease in normal guinea pig lenses with aging, while slight decreases 
in guinea pig lens GSH were found following hyperbaric oxygen treatment [ 47 ]. 
Decreased concentrations of GSH or a shift from GSH to GSSG in the lens is 
believed to increase the rate of posttranslational modifi cations of crystallins [ 48 ], and 
to perpetuate damage to key proteins containing –SH groups including Na/K- ATPase, 
cytoskeletal proteins, and proteins associated with membrane permeability [ 43 ].  

   Ascorbate 

 Ascorbate (vitamin C) is found at high levels in the lens and is believed to be capable 
of consuming oxygen in the lens [ 49 ]. In the presence of redox available metal ions, 
ascorbate is oxidized to dehydroascorbate and H 2 O 2  and in the process O 2  is 
consumed [ 10 ]. Dehydroascorbate is subsequently reduced back to ascorbate with 
reduced GSH and/or NADPH [ 50 ]. Ascorbate is transported from the plasma across 
the blood-aqueous barrier by the ciliary body into the aqueous humor where it is 
believed to supply the rest of the eye [ 51 ]. In addition to its oxidative role in H 2 O 2  
production, ascorbate can also act as a strong reductant and scavenger of ROS, 
particularly O 2 · − . Ascorbate decreases membrane damage in diabetic rats [ 52 ], and 
photoperoxidation of lens membranes [ 53 ]. It also prevents ribofl avin mediated 
light-induced damage to cation pumps in the lens [ 54 ,  55 ] and it plays a role in lens 
development and maintenance of transparency during development [ 56 ]. Ascorbate 
has been shown to protect the rat lens against selenite-induced cataract [ 57 ]. 
Incubation of mouse lenses with high levels of ascorbate also protected against 
ROS-mediated decreases in membrane transport, ATP production, and decreased 
GSH levels [ 58 ]. It is known that measured levels of ascorbate decline with age, 
possibly contributing to cataract formation. In fact, the ratio of ascorbate to dehydro-
ascorbate decreased in cataractous lenses compared to clear lenses [ 59 ,  60 ], 
suggesting a requirement for ascorbate in lens homeostasis and prevention of 
cataract. These data provide evidence for a protective role for ascorbate in the lens, 
however, oxidized ascorbate–dehydroascorbate is likely damaging to the lens, 
suggesting that ascorbate can also contribute to lens oxidation and cataract formation, 
for instance, dehydroascorbate causes precipitation and cross-linking of bovine lens 
crystallins in vitro [ 61 ]. The interaction of ascorbate with light in the presence of 
metal ions, as described above, leads to the formation of H 2 O 2  and subsequent 
interaction of H 2 O 2  with metal ions, particularly Iron (Fe) that could produce the 
damaging species •OH. In this way ascorbate can actually become a pro-oxidant and 
lead to protein damage via both H 2 O 2  and Fenton production of •OH. The addition 
of both Fe and ascorbate to cultured lens epithelial cells led to a signifi cant increase 
in ferritin synthesis (the intracellular iron-storage protein) [ 62 ] and increased Fe 
loading into ferritin [ 63 ], therefore protecting against oxidative damage. A number 
of studies (reviewed by Chui & Taylor [ 64 ]) indicate that consuming elevated levels 
of antioxidants such as ascorbate, carotenoids, and tocopherol is associated with 
delayed development of various forms of cataract. Indeed the Blue Mountains Eye 
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Study found that participants with the highest quintile of total intake of vitamin C 
had a reduced risk of incident nuclear cataract [ 65 ]. Even more effective was an 
above- median intake of combined antioxidants (vitamins C and E, β-carotene, and 
zinc) which was also associated with a reduced risk of incident nuclear cataract [ 65 ].  

   Vitamin E 

 Vitamin E, the most important fat soluble antioxidant, is proposed to be an important 
chain breaking antioxidant for prevention of lipid peroxidation. Vitamin E is actually 
an umbrella term for a group of compounds called tocopherols and tocotrienols. 
α-tocopherol, the most active naturally occurring form, contains a chromane ring 
which reacts with organic peroxyl radicals and accounts for its antioxidant activity. 
It protects tissue lipids from free radical attack [ 66 ]. There is evidence to suggest 
that vitamin c acts to recycle the α-tocopheryl radical back to α-tocopherol, there-
fore implying a synergistic function between these two antioxidants [ 50 ]. Vitamin E 
supplementation has been shown to protect rat lenses against radiation- induced 
cataract [ 67 ]. The delaying or preventive effect of vitamin E on cataractogenesis has 
also been studied in in vivo sugar cataract models, for example galactose cataracts. 
Two studies showed that vitamin E supplementation showed no protective effect on 
galactosemic cataract in rat lenses [ 68 ,  69 ] but two other studies showed that direct 
topical instillation of vitamin E liposomes into eyes increased rat lens vitamin E and 
helped protect against galactosemic cataract [ 70 ,  71 ]. Just as the animal models for 
vitamin E supplementation and cataractogenesis produce mixed results so do the 
many human trials examining vitamin E supplementation and/or dietary/plasma 
levels and their association with cataract. Levels of lutein- zeaxanthin, retinoid, or 
α-tocopherol showed no differences between normal and cataractous human lenses 
[ 72 ] but in regular users of multivitamin supplements, the risk of nuclear opacifi cation 
was reduced by one third. In regular users of vitamin E supplements and persons with 
higher plasma levels of vitamin E, the risk was reduced by approximately half [ 73 ]. 
A low plasma vitamin E level was associated with a 3.7- fold excess risk of the 
progression of early cortical lens opacities compared with the highest quartile in 
hypercholesterolemic eastern Finnish men [ 74 ]. In the Beaver Dam Eye Study, 
persons in with higher total serum tocopherol had a lower risk of cataract than those 
with a lower serum tocopherol [ 75 ] and lens opacities were associated with lower 
levels of ribofl avin, vitamin E, Fe, and protein nutritional status [ 76 ]. By contrast, 
McNeil et al. [ 77 ] found that vitamin E supplemented for 4 years at a dose of 500 IU 
daily did not reduce the risk of nuclear, cortical, or posterior subcapsular.  

   Carotenoids 

 The best studied carotenoids in the eye are lutein and zeaxanthin. Carotenoids are 
made up of more than 600 structural variants that are all lipophilic pigments. They 
are synthesized in plants, fungi, bacteria, and algae and provided to mammalians 
only in their diet, particularly in egg yolk and dark leafy green vegetables such 
as spinach or kale. Some carotenoids, including β-carotene, can protect against 
photooxidative damage by scavenging  1 O 2  and peroxyl radicals and can interact 
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synergistically with other antioxidants [ 78 ]. They may lower the risk for several 
degenerative disorders, cardiovascular and ophthalmological diseases, and various 
types of cancer [ 79 ]. In the eye, lutein and zeaxanthin have been shown to fi lter 
high-energy wavelengths of blue visible light, primarily in the macula of the retina 
and to act as antioxidants that protect against the formation of ROS [ 3 ]. A study by 
Gale et al. [ 80 ] showed that the risk of nuclear cataract was lowest in people with 
the highest plasma concentrations of α- or β-carotene while the risk of cortical cata-
ract was lowest in people with the highest plasma concentrations of lycopene. 
In addition the risk of posterior subcapsular cataract was lowest in those with higher 
concentrations of lutein but high plasma concentrations of vitamin C, vitamin E, or 
zeaxanthin and β-cryptoxanthin were not associated with decreased risk. In the Blue 
Mountain Eye Study, as mentioned above, an increased intake of vitamins C and E, 
β-carotene, and zinc was associated with a reduced risk of nuclear cataract but not 
with cortical or posterior subcapsular cataract [ 65 ]. The Beaver Dam Eye Study, 
also mentioned above, found that patients with the highest quintile of lutein intake 
were half as likely to develop nuclear cataract as those in the lowest quintile of 
intake [ 81 ]. In the Pathologies Oculaires Liées à l’Age (POLA) Study, the highest 
quintile of plasma zeaxanthin was signifi cantly associated with reduced risk of 
nuclear or other cataract, among other carotenoids, only β-carotene showed a 
signifi cant negative association with nuclear cataract [ 82 ]. In the Carotenoids in the 
Age Related Eye Disease Study (CAREDs), women in the group with high dietary 
levels of lutein and zeaxanthin had a 23 % lower prevalence of nuclear cataract 
compared with those with low levels [ 83 ]. Despite the conclusions of these studies, 
an analysis of a number of supplementation studies involving carotenoids using the 
FDA evidence review system, found no evidence to support the fact that lutein or 
zeaxanthin can protect against cataract formation [ 84 ].   

   Antioxidant Enzymes of the Eye Lens 

   The Superoxide Dismutases 

 The antioxidant enzymes of the eye catalytically remove ROS, in some cases 
generating other reactive or unstable species but generally resulting in a less toxic 
environment. Mitochondrial superoxide is dismutated to H 2 O 2  and O 2  by the super-
oxide dismutases. Manganese superoxide dismutase (MnSOD, SOD 2) is present in the 
mitochondrial matrix while copper zinc superoxide dismutase (CuZnSOD, SOD 1) 
is localized to the intramembrane space of the mitochondria and in the cytosol [ 19 ]. 
In the absence of metal ions and thus the Fenton reaction, H 2 O 2  produced in this 
reaction can then be detoxifi ed by specialized enzymes including glutathione 
peroxidase (GSH-Px), the peroxiredoxins (Prxs), and catalase, described below. 
A recent study examined total SOD (TSOD), MnSOD, and CuZnSOD activities in 
lens epithelial cells derived from different types of cataract in patients having 
phacoemulsifi cation cataract surgery. The highest level of all TSOD, MnSOD, and 
CuZnSOD activity was in patients 50 years or younger with the activity gradually 

S.Y. Yoon et al.



195

declining with age. The level of TSOD activity increased in cortical cataract and the 
individual levels of CuZnSOD and MnSOD activities in lens epithelial cells were 
also higher in cortical cataracts [ 85 ]. MnSOD has been shown to protect human lens 
epithelial cells against oxidative stress using up- and down-regulation of the enzyme 
in lens epithelial cells [ 86 ]. The intrinsic apoptotic pathway was also signifi cantly 
increased in MnSOD down-regulated lens epithelial cells compared to those with 
up-regulated MnSOD when exposed to superoxide [ 87 ]. CuZnSOD, which is not 
mitochondrial specifi c and makes up 90 % of total SOD [ 88 ], was shown to prevent 
H 2 O 2 -induced oxidative damage when overexpressed in whole rat lenses [ 89 ]. 
Treatment of human lens epithelial cells with a bolus of 17 β-estradiol, known to 
protect lens cells against oxidative stress by preserving the mitochondria, resulted in 
a signifi cant rapid increase in the activity of MnSOD with no effect on levels of 
mRNA or protein [ 90 ].  

   Hydrogen Peroxide Detoxifi ers 

 B.1 Catalase 
 Human catalase is normally found localized in the peroxisomes, where it functions 

to decompose H 2 O 2  to H 2 O. One study investigated the effect of over expressing 
catalase in both nucleus and mitochondria of mice, two areas normally devoid of 
catalase activity. They found that oxidative damage was reduced, H 2 O 2  production 
and H 2 O 2 -induced aconitase (an enzyme involved in the TCA cycle) inactivation 
were attenuated, and importantly that cataract development, cardiac pathology, 
and the development of mitochondrial deletions were reduced [ 91 ]. Resveratrol 
(a polyphenol antioxidant found in plants) was found to protect human lens epithelial 
cells against H 2 O 2 -induced oxidative stress by increasing catalase, SOD-1, and 
heme oxygenase (HO-1) expression [ 92 ]. In rat lens epithelial explants, increased 
levels of GSH and catalase suppressed changes typically associated with TGFβ- 
induced transdifferentiation including wrinkling of the lens capsule, cell-surface 
blebbing, apoptotic cell loss, induction of αSMA, and loss of Pax6 expression [ 93 ]. 
However, lenses from mice defi cient in catalase did not show any increased suscep-
tibility to oxidative stress generated by photochemical reaction [ 94 ], suggesting that 
catalase is not the most important enzyme involved in decomposing H 2 O 2 . 

 B.2 The peroxiredoxins 
 Given its peroxisomal location and the evidence outlined above it is unlikely that 

catalase is the major H 2 O 2  detoxifi cation enzyme in the lens. One likely H 2 O 2  detox-
ifi cation system in the lens is the Prxs, which are peroxide scavengers that possess 
redox active cysteines and use the thioredoxin system as an electron donor to 
 detoxify H 2 O 2 , OONO −  and a wide range of hydroperoxides [ 95 ]. Six mammalians 
Prxs are known, with Prx 1, 2, and 6 found in the cytoplasm, Prx 3 in the mitochondria, 
Prx 4 in the endoplasmic reticulum, and Prx 5 found in various compartments in the 
cell including the peroxisomes and mitochondria [ 95 – 97 ]. Since the mitochondria 
is the major source of H 2 O 2  formation, Prx3 is well studied. Signifi cant levels of Prx 
3 mRNA and protein have been detected in human lens epithelial and fi ber cells and 
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it has been shown that Prx 3 is inducible by H 2 O 2  in human lens epithelial cells but 
not by tBHP or heat shock [ 97 ]. 

 B.3. Glutathione peroxidase 
 Another potentially important H 2 O 2  detoxifi cation enzyme is GSH-Px which 

also reduces H 2 O 2  to H 2 O or alkyl peroxides to alcohols at the expense of reduced 
GSH [ 33 ]. In the lenses of H 2 O 2 -treated mice with defi cient levels of GSH-Px, DNA 
strand breaks in the mice with elevated GSH-Px were 40 % of those with normal 
GSH-Px activity [ 98 ], while in the GSH-Px knockout mouse lens DNA damage was 
fi vefold that of GSH-Px rich transgenic mice [ 98 ].   

   Free Metal Detoxifi ers of the Eye Lens 

   Metallothioneins 

 Fenton-type reactions, where H 2 O 2  reacts with free metal ions i.e., Iron (Fe 2+ ) or 
copper (Cu 2+ ) to produce the •OH radical, are a major source of oxidative stress 
initiated by transition metals [ 99 ] and are thought to be involved in the formation of 
cataract [ 100 ,  101 ]. Detoxifi cation of these metals by metallothioneins in combina-
tion with careful control of free iron levels by ferritin is central to prevent ROS 
production. Human exposures to toxic metals such as Fe, Cu, cadmium (Cd), lead, 
aluminum, mercury and others may arise from fossil fuel emissions, industrial 
waste, cigarette smoke, and air pollution [ 102 ]. These metals have been associated 
with increased risk of cataract formation [ 103 ] and it has been proposed that detoxi-
fi cation of metals may play a major role in prevention of cataract. In support of this 
theory, increased Cd levels [ 104 ] and increased Cu levels [ 105 ] have been reported 
in cataract compared to clear lenses. Another study that compared corticonuclear 
and mature cataracts found higher Fe levels in the mature cataract [ 106 ] suggesting 
a role for these metals in cataract formation. Metallothioneins (MTs) serve to 
detoxify free metals; there are 16 known isoforms of MTs in humans, grouped into 
four classes: I, II, III, and IV. The human lens expresses MT classes I and II. Only 
one isoform, MTIIa, is specifi c for the lens epithelium, whereas the MTI isoforms 
are expressed at lower levels in both the lens epithelium and lens fibers [ 107 ]. 
In addition, MTIIa exhibits increased expression in age-related cataract compared 
with clear human lenses [ 108 ] suggesting a possible role for MTIIa in lens protection. 
Lens MTs (Ig, If, Ih, Ie, and IIa) were differentially induced by specifi c metals in 
human lens epithelial cells, specifi cally by Cd 2+  and Zn 2+ , but not Cu 2+  [ 109 ]. Similar 
responses of the MTIIa gene were detected in identically treated primary human 
lens epithelial cells. Cd 2+  and Zn 2+  induced MTIIa to fi ve times higher levels than 
MTIg [ 109 ]. Overexpression of MTIIa in lens epithelial cells has been shown to 
protect against Cd as well as TBHP-induced oxidative stress [ 110 ]. The same study 
also shows that MTIIa may play a role in regulating expression of other important 
antioxidant genes, HO-1, thioredoxin reductase, and MnSOD, antioxidant molecules 
that could further enhance protection against oxidative stress in lens cells, potentially 
delaying onset of cataract [ 110 ].  
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   Ferritin 

 Fe is transported in the plasma using transferrin, the Fe transport protein, while 
ferritin is the intracellular protein responsible for iron binding and storage. Ferritin, 
which is found throughout the lens [ 111 ,  112 ], is a multimeric iron-storage protein 
consisting of 24 subunits of two types: heavy (H) and light (L). The ratio of these 
two chains is tissue specifi c and controls iron storage and availability [ 113 ]. Fe levels 
in the eye lens have been reported to be between 0.18 and 9.6 μg/g wet weight [ 114 ]. 
A number of studies have found increased Fe levels in cataractous lenses [ 106 ,  111 ] 
with redox active Fe (not bound to ferritin) also found at higher levels in cataractous 
compared to control lenses [ 100 ,  101 ]. Low levels of Fe have been found in both the 
aqueous and vitreous humors [ 115 ]. Levels are kept low by the blood ocular barrier 
preventing transferrin entrance into the eye [ 114 ]. Infl ammation which causes a 
breakdown of this barrier results in large increases in iron concentration in both the 
aqueous and vitreous humors [ 116 ]. The lens tightly controls Fe levels and during 
infl ammation the lens accumulates Fe by taking it up from increased levels in the 
aqueous and vitreous humors in both the transferrin and non-transferrin- bound 
forms. The lens Fe concentration returns to control levels following resolution of 
the infl ammatory episode [ 117 ]. Why the lens would act as a sink for excess Fe is 
not known and is the subject of much research. In a recent study using knockdown 
of ferritin heavy chains in human lens epithelial cells, increased iron availability 
resulted in increased cystine uptake and GSH concentration and decreased nuclear 
translocation of hypoxia-inducible factor 1-α (a transcription factor that regulates 
vascular endothelial growth factor (VEGF) expression) and VEGF accumulation in 
the cell-conditioned medium [ 118 ].   

   Protein Repair Systems of the Eye Lens 

   Methionine Sulfoxide Reductases 

 While all amino acids are susceptible to oxidation, methionine and cysteine residues 
are among the most vulnerable due to the presence of a sulfur containing side 
chain that is sensitive to attack from ROS such as H 2 O 2 , •OH, hypochlorous acid, 
chloramines, and OONO −  [ 119 ,  120 ]. In the eye lens protein methionine sulfoxide 
(PMSO), the oxidized form of methionine, levels increase upon aging [ 121 ] and in 
human cataractous lenses 60–70 % of total lens protein is found as PMSO [ 122 ]. 
ROS-mediated oxidation of methionine results in an asymmetric sulfur center and 
thus PMSO exists as two epimers, the Sand R-epimers. Methionine oxidation in 
proteins can result in altered conformation, activity, sub-cellular localization 
patterns, and aggregation states which are associated with loss of cellular functions, 
apoptosis, and cell death [ 123 ]. Methionine oxidation is, however, reversible via a 
thioredoxin dependent reaction in which PMSO is converted to reduced methionine. 
This reaction is catalyzed by a family of enzymes called the methionine sulfoxide 
reductases (Msrs). The Msr family consists of MsrA (found in the cytosol and 
mitochondria) and three MsrBs; MsrB1 (localized in the cytosol and nucleus), 
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MsrB2 (localized in the mitochondria), and MsrB3 (localized in the endoplasmic 
reticulum and mitochondria) that act on the S- and R-epimers respectively [ 124 ]. 
The oxidized thioredoxin produced during the reduction of PMSO is subsequently 
reduced by thioredoxin reductase (TrxR) in an NADPH dependent reaction. It has 
been shown that in bovine lenses 40 % of Msr activity is due to MsrB while the 
remaining is MsrA [ 125 ]. MsrA has been shown to play an important role in protec-
tion of lens cells against oxidative damage and it has been shown to be required for 
the maintenance of lens transparency in vivo [ 126 – 128 ]. Gene silencing of MsrA 
decreases the resistance of lens epithelial cells to H 2 O 2 -induced oxidative stress 
resulting in increased mitochondrial ROS levels in human lens cells [ 126 ] and loss 
of lens cell mitochondrial function [ 24 ]. Similarly gene silencing of MsrB1, B2, and 
B3 results in decreased resistance to tBHP-induced oxidative stress and increased 
cell death in human lens epithelial cells [ 126 ]. Deletion of the MsrA gene in mice 
leads to oxidative stress-induced cataract [ 127 ]. By contrast, overexpression of 
MsrA in human lens cells protects against oxidative stress and preserves mitochon-
drial function [ 126 ]. Recently, both cytochrome c (cyt c) [ 127 ] and α-crystallin/
sHSP [ 128 ] have been identifi ed as key targets of MsrA function in the lens. Both 
proteins are critical for lens function. Cyt c is essential for mitochondrial electron 
transfer and is a key initiator of apoptosis in mammalian cells [ 129 ]. α- crystallin/sHSP 
is a molecular chaperone that is essential for the maintenance of lens transparency 
whose deletion has been shown to result in cataract formation [ 130 – 133 ] and is 
discussed in more detail below.  

   Thioltransferases 

 Thioltransferase, known interchangeably as glutaredoxin, is a GSH-dependent 
cytosolic protein and a member of the thiol-disulfi de oxidoreductase enzyme family, 
containing a conserved CXXC active site [ 134 ]. Two isoenzymes of thioltransferase 
are known: cytosolic TTase-1 (Grx1) and mitochondrial TTase-2 (Grx2) [ 134 ]. 
The TTases use reduced GSH in their reaction to reduce protein thiols (s-thiolation) 
preventing disulfi de bond formation and protein aggregation [ 134 ]. TTase activity 
was found to be higher in the lens epithelial layer than in the rest of the lens [ 135 ]. 
In cultured lens epithelial cells TTase 1 levels and activity were shown to be up- 
regulated by treatment with H 2 O 2 . Depletion of GSH and subsequent treatment with 
H 2 O 2  also increased levels of TTase in human lens epithelial cells [ 136 ]. Porcine 
lenses cultured in H 2 O 2  over a 24-h period showed similar trends for TTase, with 
slow transient increases in TTase activity, mRNA transcript, and protein levels in 
response to low level of H 2 O 2  and a more rapid response to higher levels of H 2 O 2  
[ 137 ]. In a separate study, treatment of cultured lens epithelial cells with 0.1 mM 
H 2 O 2  over 3 h inactivated the key glycolytic enzyme glyceraldehyde-3-phosphate 
dehydrogenase (G-3PD) by more than 50 % over the fi rst 15 min, this returned to 
80 % of normal activity by 180 min. Interestingly, the inactivated cellular G-3PD in 
the cell extract could be partially reactivated by human recombinant TTase but not 
GSH [ 138 ]. The absence of TTase 1 was also shown to increase lens cell susceptibility 
to UV-B radiation (UVRB), light scattering was increased in TTase−/− mouse 
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lenses compared to wild type mouse lens after treatment with UVRB [ 139 ]. TTase-2 
has been shown to protect against disruption of the mitochondrial transmembrane 
potential in lens epithelial cells during oxidative stress conditions [ 140 ] and more 
recently TTase-2 was shown to protect complex I of the electron transport chain and 
to prevent H 2 O 2 -induced apoptosis in lens epithelial cells [ 141 ].   

   Reducing Systems of the Eye Lens 

   Thioredoxin and Thioredoxin Reductase 

 This section could easily contain GSH which we have grouped under ROS scavengers. 
It could also contain a section on NADPH, which is required for Msr repair of PMSO, 
thioredoxin repair of disulfi de bonds and the recycling of GSH but NADPH is 
mentioned specifi cally in many other sections in this review. Thioredoxin (Trx) is 
the major disulfi de reductase responsible for maintaining proteins in a reduced state 
within the cell. It is a small, cysteine rich protein possessing a dithiol/disulfi de 
active site (CGPC) that acts to reduce protein disulfi des. Its action results in an 
internal disulfi de on the thioredoxin protein itself and this must be reduced by TrxR 
in an NADPH dependent reaction in order to recycle Trx. Trx serves as an electron 
donor, via the thiol/disulfi de exchange reaction, for a number of enzymes including 
Msrs, ribonucleotide reductases, as well the peroxiredoxins [ 142 ]. Reduction of 
disulfi de bonds is thought to be an important regulatory step where Trx could control 
the redox state of critical SH groups involved in structure and catalytic function in 
proteins. There are two nuclear encoded isoforms of Trx, Trx 1 found in the cytosol, 
and Trx 2 which is localized solely to the mitochondria. Trx 1 not only is an impor-
tant part of the antioxidant defensive against oxidative stress but it also plays a role 
in transcription, growth control, and immune function [ 142 ]. Early embryonic 
lethality results from knockout of either Trx 1 [ 143 ] or Trx 2 [ 144 ] and it has also 
been shown in mice that a haploinsuffi ciency (a single functional copy of a gene, 
where insuffi cient product is made) of Trx 2 results in the reduction of ATP produc-
tion and increased ROS production [ 145 ]. Early work on mouse lenses revealed 
that in vivo photochemical oxidative stress to Emory mice resulted in a fi vefold 
up- regulation of the Trx 1 gene in the lens at 3 weeks and a fourfold increase of the 
lens Trx 1 protein but that Trx 2 was unchanged [ 146 ]. In cultured lens epithelial 
cells, Trx 1 is up-regulated at both transcript and protein levels in response to H 2 O 2  
treatment [ 147 ]. Interestingly, human lens epithelial cells treated with exogenous 
human recombinant Trx 1 showed a simultaneous increase in mRNA expressions of 
mitochondrial MnSOD, TTase 1, TTase 2, and thioredoxin peroxidase IV (Prx3) [ 148 ]. 
Recently a study on 23 normal human lenses of 19–77 years which were grouped 
into 2nd, 3rd, 5th, 6th, and 7th decades, indicated that Trx 1 activity decreased with 
age. Activity of Trx 1 in the 7th decade appeared to be 30 % of the activity found in 
lenses from the 2nd decade, a signifi cant drop in activity. Interestingly the corre-
sponding protein levels of Trx 1 were unaffected and remained steady throughout 
the seven decades in the lenses studied [ 149 ].  
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   Thioredoxin-Like Proteins 

 Recently a thioredoxin-like protein (TXNL) containing the conserved CXXC reducing 
motif was discovered in the retina of mice and termed rod derived cone viability 
factor (RdCVF) [ 150 ]. This protein known as TXNL6 in humans is a product of 
the NXNL1 gene. The discovery of a novel CXXC containing protein led to the 
hypothesis that other reducing systems could function in the eye in addition to or as 
an alternative to the better characterized reducing systems such as Trx. TXNL6 is 
part of a small family of thioredoxin-like proteins which consists of TXNL1, 
TXNL2, TXNL4, and TXNL5. TXNLs share the CXXC active site of Trx 1 and/or 
the thioredoxin fold which consists of a four stranded β sheets surrounding three α 
helices [ 151 ]. Little is known about the disulphide reducing action of many of the 
TXNLs but recent work has shown that TXNL6 is present in both the lens epithelium 
and lens fi ber cells, that it is inducible by oxidative stress and that it can serve as a 
reducing agent for MsrA in the repair of essential lens proteins [ 152 ]. TXNL1 is 
known to be a redox sensor and part of the 26 s proteasome subunit [ 153 ,  154 ]. 
TXNL2 is also known as glutaredoxin 3 and may catalyze the reduction of glutathione 
mixed disulfi des [ 155 ]. Little is known about the oxidoreductase role of TXNL4 if 
any but it is known to be essential for the G2/M transition of the cell cycle [ 156 ]. 
TXNL5 is known to have redox potential similar to that of Trx 1 [ 157 ] and it is 
known that it can itself be reduced by TxrR and that it inhibits TNF-α induced 
NFκB activation to a greater extent than Trx 1 [ 158 ].   

   Chaperone Proteins of the Eye Lens 

   α-Crystallin 

 Heat shock proteins (Hsps) are highly conserved proteins that are induced in 
response to various physiological and environmental stressors [ 159 ]; interestingly 
HSPs form essential partnerships with the proteasome and lysosomes in protein 
degradation processes [ 159 ]. The molecular chaperones expressed in lens epithelial 
cells include αA-crystallin, αB-crystallin, Hsp25/27, Hsp40, Hsc70, Hsp70, and 
TCP-1 [ 160 – 163 ]. In the lens the predominant Hsp is α-crystallin. α-crystallin is 
made up of two small HSPs (sHSPs); αA and αB-crystallin, α-crystallin makes up 
approximately 40–50 % of total lens protein and is crucial for maintaining lens 
transparency. In addition to its structural and refractive role in the lens, α-crystallin 
is a molecular chaperone [ 130 ,  132 ] that functions to prevent protein aggregation [ 131 ], 
and formation of high molecular weight aggregates in the lens. α-crystallin has also 
been implicated in apoptotic control and cell survival [ 9 ]. In its native state in the 
lens, α crystalline consists of two subunits called αA- and αB-crystallin that consist 
of 173 and 175 amino acids respectively. αA- and αB-crystallin share as much as 
57 % homology and exist in the lens in a 3:1 ratio [ 164 ]. Deletion of αA-crystallin 
in mice results in smaller lenses compared to wild type, and the development of 
opacifi cation that spreads with age [ 133 ]. Mutation of αA-crystallin (R116C), 
which causes loss of chaperone function, leads to cataract in humans [ 165 ]. 
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Similarly a mutation of αB-crystallin (R120G) that causes cataract and desmin- related 
myopathy in humans, also leads to loss of chaperone function [ 166 ]. Importantly, 
the chaperone function of α-crystallin is also lost upon oxidative conditions [ 128 , 
 167 ,  168 ]. Specifi c oxidation of bovine α-crystallin methionines to PMSO resulted 
in loss of chaperone function in vitro [ 128 ] and αA-crystallin methionines are found 
as PMSO in rat hereditary cataracts [ 169 ] and in MsrA knockout mice [ 128 ]. 
Oxidation by Fenton-type reaction of rat recombinant αA- and αB-crystallin was 
shown to result in higher molecular weight proteins that lacked chaperone function 
[ 170 ]. These results suggest that oxidation of α-crystallin results in loss of chaperone 
function and that loss of chaperone function plays a role in cataract formation. 
αA-crystallin and αB-crystallin as well as HSP27 can be induced by specifi c metals 
in SRA01/04 human lens epithelial cells. Cd 2+  and Cu 2+ , but not Zn 2+ , induced 
αB-crystallin and HSP27 while αA-crystallin was induced by Cu 2+  only [ 109 ].         
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    Chapter 12   
 Protein Serine/Threonine Phosphatases-1 
and -2A in Lens Development 
and Pathogenesis 

             Wen-Feng     Hu    ,     Xiao-Hui     Hu    ,     Weike     Ji    ,     Zhao-Xia     Huang    ,     Ling     Wang    , 
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12.1             Introduction 

 The reversible phosphorylation and dephosphorylation of proteins play essential 
roles in regulating eukaryotic cellular events such as gene expression, cell cycle 
progression, cell proliferation, cell differentiation, homeostasis, transformation, and 
apoptosis [ 1 – 6 ]. Phosphoproteome studies have shown that about 33 % cellular 
proteins are regulated by phosphorylation and dephosphorylation [ 7 ]. Genome stud-
ies have demonstrated that while over 400 genes code for different serine/threonine 
kinases, only 40 genes encode the catalytic subunits for different serine/threonine 
phosphatases [ 3 ]. A much-reduced number of genes coding for the catalytic sub-
units of protein serine/threonine phosphatases are due to the fact that many 
 regulatory subunits exist to modulate their specifi city. 

 In eukaryotes, according to the differences of the substrates, the protein phospha-
tases can be divided into three major groups: protein serine/threonine phosphatases 
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(PPPs), protein tyrosine phosphatases (PTPs), and dual-specifi c phosphatases 
(DSPs) [ 2 – 4 ]. 

 Protein dephosphorylation at serine/threonine residues are executed by four 
major protein phosphatases based on their sensitivity to inhibitors and requirement 
for divalent cations, protein phosphatase-1 (PP-1), protein phosphatase-2A (PP- 
2A), protein phosphatase-2B (PP-2B), and protein phosphatase-2C (PP-2C) [ 2 – 4 , 
 6 ], and a few minor phosphatases, including phosphatase-4 (PP-4), phosphatase-5 
(PP-5), phosphatase-6 (PP-6), phosphatase-7 (PP-7) [ 8 – 11 ]. 

 The PP-1 is composed of one catalytic subunit and one regulatory subunit. 
The catalytic subunits for PP-1 exist in four different isoforms, α, β, γ, and δ, which 
are highly homologous and only differ in the C-terminal domain [ 2 – 4 ]. The regula-
tory subunits are PP-1-interacting proteins either with inhibitory role on PP-1 activ-
ity, or with specifi c targeting function. Over 90 PP-1 interacting proteins or targeting 
proteins have been identifi ed [ 3 ]. 

 The PP-2A enzyme is a heterotrimer enzyme, which consists of a scaffold A sub-
unit, a catalytic C subunit, and a variable regulatory B subunit. The C subunit of 
PP-2A interacts constitutively with the A subunit, which acts as a scaffolding pro-
tein for binding the C subunit and the variable regulatory B subunit. The A subunit 
exists in two isoforms, Aα and Aβ, which are derived from two different genes and 
are differentially expressed in most eukaryotic tissues [ 2 – 4 ]. The C subunit also 
exists in two isoforms, α and β, which are encoded by two different genes [ 2 – 4 ]. 
The B subunit has an important role in targeting PP-2A holoenzymes to specifi c 
subcellular proteins and is critical for regulating substrate specifi city. Over 16 genes 
have been identifi ed encoding for subfamilies of the regulatory subunits, including 
B, B′, B″, and B″′ [ 2 – 4 ]. The PP-2B enzyme has two subunits and PP-2C is mono-
meric enzyme [ 2 – 4 ]. PP-2A, PP-2B, and PP-2C can be distinguished by their 
 substrate specifi city and subunit number. While PP-2B and PP-2C exhibit strict 
requirement for Ca 2+  or Mg 2+ , respectively, PP-2A does not. PP-2A can dephos-
phorylate phosphorylase-a, while PP-2B and PP-2C do not. Moreover, PP-1 and 
PP-2A are sensitive to okadaic acid and microcystin with different sensitivities, 
whereas PP-2B and PP-2C do not [ 2 – 4 ]. 

 In eukaryotes, over 98 % dephosphorylation is performed by protein serine/
threonine phosphatases, among which 90 % of intracellular protein serine/threonine 
phosphatase activity has been attributed to PP-1 and PP-2A [ 3 ]. Thus, our attention 
focuses on them. While the structures and general functions of PP-1 and PP-2A 
have well documented by different reviews [ 2 – 6 ], this chapter aims at summarizing 
their roles in regulating development and pathogenesis of the ocular lens.  

12.2     Ocular Development 

 The mammalian eye is one of the most important organs, which is essentially a 
highly specialized extension of the brain. The eye development starts at the gastru-
lation when the eye fi eld is in the early neural plate [ 12 – 21 ]. The optic pit appear-
ances and the continued evagination of the optic pit induce the formation of the 
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optic vesicles. The optic vesicle and the surface ectoderm move into close physical 
contact and interact with each other. As a result, the thickening of the surface ecto-
derm forms the lens placode. The lens placode and the optic vesicle coordinate 
invagination and then form the lens vesicle and optic cup. The optic cup has two 
layers, in which the inner layer forms the neural retina and the outer layer becomes 
the retinal pigment epithelium [ 12 – 15 ]. The posterior cells of the lens vesicle form 
the primary lens fi ber cells. The lens epithelial cells (LECs) in the anterior con-
tinue to undergo proliferation and differentiation, generating secondary fi ber cells. 
This process lasts the whole life. During this processing, crystallins are expressed 
at a high level and required for generating and maintaining lens transparency [ 12 –
 15 ,  19 – 21 ]. The differentiation process includes cell elongation and the loss of 
cellular organelles including the nucleus, mitochondria, and endoplasmic reticu-
lum besides high levels of expression of crystallins in the fi ber cells [ 17 ,  18 ]. The 
surface ectoderm forms the cornea. The cornea epithelial cells secrete an extracel-
lular matrix, which attracts neural crest-derived mesenchymal cells into the cornea 
and fi nally induces the dehydration and compaction of the posterior stroma and 
leads to the formation of mature cornea. The ciliary body and iris are both derived 
from the optic cup where the inner layer and the outer layer of the optic cup meet 
[ 21 ].  

12.3     Roles of PP-1 in Lens Development 
and Cataractogenesis 

 PP-1 is expressed in all compartments of the mouse eye [ 22 ]. Among four eye 
 tissues (retina, cornea, lens epithelium, and lens fi ber), the catalytic subunits of PP-1 
display a higher level of expression in retina and cornea, but a reduced level in lens 
epithelium and barely detectable in lens fi ber [ 22 ]. In mouse, bovine, rat, and human 
lenses examined [ 22 ,  23 ], PP-1 displayed much higher expression levels than that of 
PP-2A [ 22 ,  23 ]. These results suggest that PP-1 have important functions in differ-
ent eye tissues [ 22 ,  23 ]. 

 Indeed, our recent studies have shown that PP-1 plays an essential role in regulat-
ing eye development of vertebrates. Using goldfi sh as a model system with morpho-
lino oligo inhibition and shRNA silencing, we have shown that inhibition of PP-1 
activity leads to the death of a majority of the treated embryos, and the surviving 
embryos displayed severe phenotype in the eye [ 24 ]. Knockdown of each catalytic 
subunit of PP-1 with morpholino oligomers leads to the death of some (PP-lα 
knockdown) or all (PP-lβ or PP-lγ knockdown) the injected embryos. The surviving 
embryos from PP-1 knockdown displayed clear retardation in lens differentiation 
and abnormal retina differentiation [ 24 ]. Disturbance of normal PP-1 activity 
through overexpression of each subunit of PP-1 also caused death of majority of the 
injected embryos and led to abnormal development of goldfi sh eye. These results 
thus provide direct evidence that PP-1 plays a key role in governing normal eye 
formation during goldfi sh development. 
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 Mechanistically, Pax-6 is one of the major downstream targets mediating the 
effects of PP-1 function for several reasons. First, we have previously shown that 
PP-1 is the major phosphatase modulating the phosphorylation status of Pax-6 [ 25 ]. 
Second, inhibition of PP-1 led to signifi cantly changes in the phosphorylation status 
of Pax-6 [ 24 ]. Finally, the eye phenotype in Pax-6 knockdown fi sh was similar to 
that derived from overexpression of PP-1 [ 24 ]. In addition to Pax-6, PP-1 can also 
directly dephosphorylate the retinoblastoma protein (Rb) to modulate the functional 
status of the E2F transcription factor family members and thus control cell cycle 
progression. Ludlow et al. had previously demonstrated that PP-1 can directly 
dephosphorylate Rb to modulate its function in the late mitosis stage [ 26 ]. 
Furthermore, AKT pathway plays an important role to regulate signaling transduc-
tion pathways for cell proliferation, differentiation, and survival. We have recently 
shown that PP-1 is a major protein phosphatase to directly dephosphorylate AKT at 
Thr450 to modulate its activation status in human lens epithelial cells (HLECs) and 
retinal pigment epithelial cells (ARPE-19) [ 27 ]. 

 PP-1 also plays an important role in maintaining survival of LECs. Inhibition of 
PP-1 activity by okadaic acid (100 nM) leads to the apoptosis of LECs in rabbit, rat, 
and human, through the up-regulated expression of p53 and the pro-apoptotic gene 
Bax [ 28 – 32 ]. While normal developmental apoptosis is necessary for the formation 
of lens vesicle and its subsequent development [ 33 – 38 ], stress-induced apoptosis 
leads to the development of cataracts. This conclusion is based on numerous lines 
of evidence. First, during development, apoptosis induced by gene mutations, 
expression of exogenous genes, and stress factors all cause microphthalmia or cata-
ractogenesis [ 39 – 48 ]. One of the most striking examples came from the study of 
CREB-2 knockout. Normal lens development occurs between embryonic day 
(ED)12.5 and ED14.5 in CREB-2(−/−) mice. These mice displayed normal forma-
tion of the early lens vesicle, normal elongation of posterior primary fi ber cells, and 
normal formation of the anterior LECs. However, the anterior LECs and their direct 
descendants at the equatorial poles of the lens underwent massive and synchronous 
p53-dependent apoptosis between ED14.5 and ED16.5, causing complete degenera-
tion of the embryonic lens in these animals [ 39 ]. Second, we previously demon-
strated that in the in vitro rat lens organ culture, various stress factors including 
oxidative stress, UB irradiation, and abnormal calcium insult-induced LEC apopto-
sis followed by the development of lens opacifi cation [ 49 – 51 ]. In vitro organ culture 
study by another group demonstrated that inhibition of the Src kinase pathway lead 
to cataract formation, which is initiated by apoptosis of LECs in the treated lens 
[ 52 ]. Third, in the in vivo animal model studies with rat and rabbit, several labora-
tories have demonstrated that UV irradiation [ 53 – 55 ], diabetic condition [ 56 ,  57 ], 
selenite [ 58 ], and  N -methyl- N -nitrosourea [ 59 ] all induced early apoptosis of LECs 
followed by cataractogenesis. It has also been shown that death of LECs was directly 
linked to age-related cataractogenesis [ 60 ]. Fourth, in human cataractous lenses, we 
have previously observed that varying levels of apoptotic cells were present in the 
capsular epithelia from cataractous patients [ 49 ]. These results have been confi rmed 
by most other studies [ 61 – 64 ] but are in contrast with one report [ 65 ] in which the 
authors claimed there was no apoptosis. In a recent study [ 64 ], it was reported that 
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TUNEL staining was observed in 92.6 % specimens of cataractous lenses, whereas 
cells undergoing apoptosis were identifi ed in only 8 % epithelia from non- cataractous 
lenses. This group concluded that the accumulation of small-scale epithelial losses 
during a lifetime may induce alterations in lens fi ber formation and homeostasis and 
results in loss of lens transparency. In addition, apoptosis is also closely associated 
with human polar cataracts [ 66 ,  67 ]. Moreover, in his recent study, on ER stress- 
induced cataractogenesis, Shinohara’s group found that apoptosis induced by ER 
stress plays an important role in ER stress-induced cataractogenesis [ 68 ]. 

 In exploring molecular mechanisms by which PP-1 promotes survival, we have 
previously demonstrated that PP-1 can directly dephosphorylate p53 at Ser15 and 
Ser37 in HLECs to negatively regulate its pro-apoptotic activity [ 29 ]. 

 Thus, as an abundant protein phosphatase, PP-1 is essential in governing verte-
brate ocular development and pathogenesis.  

12.4     Role of PP-2A in Ocular Development and Pathogenesis 

 As mentioned above, PP-2A is another major cellular phosphatase. It exists in both 
core enzyme (including the catalytic subunit and the scaffold subunit) and holoen-
zyme (including the core enzyme plus the regulatory subunit) in cells [ 2 – 4 ]. 

 Both RT-PCR and western blot analysis have shown that all three subunits of 
PP-2A are expressed in the ocular tissues: retina, cornea, and lens [ 22 ]. In compari-
son to PP-1, PP-2A is less abundant in the ocular lens. Although PP-2A is less 
abundant in the ocular lens, its function is also important in both development and 
pathogenesis. 

 Using goldfi sh as a model, our recent work demonstrates that PP-2A directly 
regulates goldfi sh eye development. As PP-1, PP-2A is also essential to maintain 
embryonic survival. Inhibition of PP-2A by okadaic acid (20 nM) led to death of a 
majority of the embryos [ 69 ]. In the surviving embryos, it was found that over half 
of them had no eye structure. For those remaining embryos with eye structure, lens 
development stayed largely at the lens vesicle stage and no further lens cell differ-
entiation was observed. In retina, cell proliferation was enhanced as refl ected by 
more layers of cells. On the other hand, retinal differentiation (photoreceptor 
 elongation) was not observed and the retinal cells remained round in shape. 

 The above results were further confi rmed by PP-2A knockdown using morpho-
lino oligomers against the catalytic subunit. Knockdown of PP-2A led to abnormal 
lens that stayed at the lens vesicle stage (the lens had one layer of epithelial cells but 
no differentiation). In addition, knockdown of PP-2A also blocks differentiation of 
both retina and lens tissues. To demonstrate that maintenance of a normal PP-2A 
level is necessary for eye development, the catalytic subunit of PP-2A was overex-
pressed. Overexpression changes the level of a particular catalytic subunit of PP-2A 
in the phosphatase. Interestingly, the phenotypes from the overexpression of two 
different catalytic subunits were similar, either generating an eye with thickened 
retina and larger lens, or lack of lens vesicle differentiation, suggesting that the two 
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subunits have redundant functions. The former phenotype is a result of enhanced 
proliferation and deregulated differentiation, but the latter is due to a lack of dif-
ferentiation. Together, these results point to the conclusion that the normal level of 
PP-2A activity is essential for normal eye development in goldfi sh, and likely the 
same in other vertebrates. 

 Indeed, in  Drosophila , the catalytic subunit of PP-2A was found to be implicated 
in regulation of the R7 photoreceptor specifi cation through both positive and nega-
tive regulation of MEK/ERK signaling pathway [ 70 ,  71 ]. In Xenopus, PP-2A was 
found to be involved in regulation of eye development (initial formation of optic 
vesicle, induced formation of lens vesicle, and subsequent differentiation of differ-
ent compartments) [ 72 ]. Mechanistically, Rorick et al. have shown that one of the B 
family subunits for PP-2A is required for the IGF/PI3K/Akt pathway and that inter-
fering with the PI3K/Akt pathway inhibits eye induction (formation) [ 72 ]. Moreover, 
during eye fi eld separation, this subunit is also implicated in regulating the 
hedgehog- signaling pathway [ 72 ]. 

 PP-2A is also implicated in cataractogenesis. As discussed in the section above, 
stress-induced apoptosis of LECs lead to cataractogenesis. Our recent studies have 
demonstrated that PP-2A can modulate p53-dependent apoptosis [ 73 ]. PP-2A 
 complex has been implicated in cell cycle control as a mitotic suppressor through 
negative regulation of p34 cdc  kinase activity and its substrates, and Kantorow et al. 
have shown that the mRNA level of the B regulatory subunit of PP-2A displays 
downregulation in the epithelial cells of the human cataract lens [ 74 ]. 

 Our recent studies have shown that the two different scaffold subunits, Aα and 
Aβ, of PP-2A are regulated by numerous transcriptional factors, including Ets-1, 
SP1/SP3, CREB, and AP-2α [ 75 ,  76 ]. Abnormal expression level and activity of 
PP2A-Aα and PP2A-Aβ are known to induce carcinogenesis and likely ocular 
diseases. 

 The expression of PP-2A is strong in retina and cornea, which indicates that 
PP-2A has an important role in both retina and cornea. CaBP4 is a neuronal Ca 2+ -
binding protein, which is expressed in the retina, and mutations in the CaBP4 gene 
could induce autosomal recessive incomplete congenital stationary night blindness 
and cone-rod synaptic disorder. Francoise et al. reported that PP-2A is involved in 
CaBP4 dephosphorylation and modulate its function [ 77 ]. In rd mice, Palczewski 
et al. observed an increased level of PP-2A activity in the extract from rd/rd retinas 
compared to the PP-2A activity in the extract from rd/+retinas from postnatal days 
5 to 10, which suggests that the elevated level of PP-2A activity may be implicated 
in the degeneration of the photoreceptor cells [ 78 ]. 

 The corneal epithelium needs to renew all the time to maintain and protect the 
eye from exogenous noxious factors and bacterial infection, so cell proliferation and 
cell migration are required for corneal epithelial cell renewal and maintaining the 
cornea transparency [ 79 ,  80 ]. ERK and p38 pathways of the MAPK cascade are 
both important in cell proliferation and migration. Crosstalk interaction exists 
between different pathways of the MAPK cascade. Wang et al. demonstrated that 
PP-2A is involved in the signaling crosstalk between the ERK and p38 pathways to 
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modulate EGF-induced control of cell proliferation in the cornea epithelium during 
corneal differentiation and corneal wound healing [ 79 ,  80 ]. 

 Together, these studies show that PP-2A also plays an important role in  vertebrate 
eye development and pathogenesis.  

12.5     Conclusions 

 Protein phosphorylation modulates the functional status over 30 % of total cellular 
proteins and 98 % phosphorylation and dephosphorylation occur at the serine/threo-
nine residue. PP-1 and PP-2A are the most abundant protein serine/threonine 
 phosphatases and contribute to 90 % intracellular serine/threonine phosphatase 
activity. Both PP-1 and PP-2A are directly involved in control of eye development, 
especially lens differentiation. They do so by modulating the functions of major 
transcription factors such as Pax-6, and also major signaling pathways such as AKT 
pathway. PP-1 and PP-2A can also suppress stress-induced p53-dependent apopto-
sis, thus prevent stress-induced pathogenesis in the eye such as cataractogenesis and 
retina degeneration.     
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 Proteases in Lens and Cataract 

             Puttur     Santhoshkumar    ,     Rama     Kannan    , and     K.     Krishna     Sharma    

      Abbreviations 

   APH    Acylpeptide hydrolase   
  LC-MS    Liquid chromatography mass spectrometry   
  LMW    Low molecular weight   
  WIS    Water-insoluble   
  WS    Water-soluble   

13.1          Lens Structure and Function 

 Although the lens has a limited number of cells and cell types, its development is 
complex [ 1 ,  2 ]. The eye lens is composed of a single layer of epithelial cells on its 
anterior portion, an interior mass of concentrically arranged, elongated fi ber cells, 
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and a collagenous capsule that surrounds the lens (Fig.  13.1 ) [ 3 ]. Lens development 
begins around embryonic day 33 in humans with invagination of the lens placode to 
form the lens vesicle. The differentiating epithelial cells then start fi lling the vesicle 
until they have obliterated the whole cavity by the end of the seventh week. The 
“fi rst formed” fi ber cells that occupy the center of the lens become the embryonic 
nucleus. To accomplish this at the equatorial region, the epithelial cells differentiate, 
elongate, and become fi ber cells and synthesize large quantities of the structural 
proteins called crystallins. At the same time all potential light-scattering organelles 
are removed from the fi ber cells in a programmed process involving the proteases 
[ 4 ]. New fi ber cells continue to be formed at the equatorial zone throughout life.  

 The lens derives all of its nutrients and oxygen from the aqueous humor and 
vitreous body. Because the lens is composed of fi bers representing a range of ages, 
it is an attractive tissue for studying the effects of aging on protein structure and 
function [ 5 ]. Lens fi ber cells are arranged in layers, with little extracellular space to 
disrupt the regular array [ 6 ]. Transparency is achieved by the tightly ordered pack-
ing and assembly of crystallins, the soluble proteins in lens fi bers [ 7 ]. Protein con-
centrations in the lens are very high (450 mg/mL), yet there is no colloidal osmotic 
pressure (and hence no ability to draw in water). Both the packing and hydration 
properties of the proteins confer the refractive power to the lens. Although the lens 
has protective mechanisms that preserve its function during most of the human life 
span, these mechanisms begin to deteriorate with aging, leading to the gradual accu-
mulation and aggregation of modifi ed proteins, and a concomitant loss in the optical 
quality of the lens, and, ultimately, cataract formation [ 3 ,  8 – 11 ]. 

  Fig. 13.1    Schematic of cross-sectional view of a human lens showing various layers. The lens 
epithelium is a single layer of cells covering the anterior section. At the bow region, the epithelial 
cells elongate   , lose their organelles, and differentiate to form fi ber cells. The central nucleus is 
made up of primary fi ber cells. The cortex comprises secondary fi ber cells and is divided into inner 
and outer cortex. The outermost layer covering the entire lens is called the capsule       
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 Crystallins make up about 90 % of the lens proteins and their properties account 
for the high refractive index of the lens [ 3 ,  7 ,  12 ]. Other proteins in the lens include 
cytoskeletal and membrane proteins, such as actin, fi lensin, and spectrin; transporters 
and channel proteins; proteins that constitute cell–cell junction and communication; 
and enzymes involved in metabolism, protein synthesis, and degradation [ 3 ,  7 ]. 
Crystallins produced within the lens during the formation of lens fi ber cells have 
exceptional longevity. There are three classes of crystallins—α-, β-, and 
γ-crystallins—encoded by a diverse groups of genes. α-Crystallin constitutes 40 % 
of the total lens protein mass and is composed of two types of 20-kDa subunits, αA 
and αB. The αA- and αB-crystallins coexist, in roughly a 3:1 ratio, as polydisperse 
hetero-oligomers [ 12 ]. α-Crystallin belongs to the small heat shock protein (sHsp) 
family and functions as both a molecular chaperone and a structural protein [ 12 ,  13 ]. 
These properties are particularly relevant to the preservation of β- and γ-crystallins 
in the non-aggregating form to maintain lens transparency. β-Crystallins are a family 
of basic (βB1, βB2, βB3) and acidic (βA1, βA2, βA3, and βA4) polypeptides of 
22–28 kDa. They exist as hetero-oligomers. γ-Crystallins exist only as monomers of 
20 kDa. Both β- and γ-crystallins serve as structural proteins in lens [ 7 ].  

13.2     Lens Proteases and Their Effect on Lens Proteins 

 Table  13.1  lists the various proteases and peptidases that have been identifi ed or 
isolated from the lens and lens epithelial cells, underscoring the critical role the lens 
proteolytic system plays during lens development and morphogenesis [ 2 ,  4 ,  14 ,  15 ]. 
Most of the proteases expressed during lens development complete their major roles 

  Table 13.1    Proteases and 
peptidases in lens and lens 
epithelial cells  

 Name  References 

 Acylpeptide hydrolase  [ 26 ] 
 ADAM-12, 19, 
ADAMTS7 

 [ 27 ] 

 Aminopeptidase III  [ 28 ,  29 ] 
 Calpains  [ 22 ,  23 ,  30 – 34 ] 
 Caspases 3, 6, 7  [ 35 ] 
 Cathepsin B, D  [ 36 ] 
 Dipeptidase  [ 37 ] 
 Leucine aminopeptidase  [ 38 ] 
 Matrix metalloproteases  [ 27 ,  39 ,  40 ] 
 Membrane proteinase  [ 21 ] 
 Prolyl oligopeptidase  [ 41 ] 
 Proteasome  [ 16 ,  42 – 45 ] 
 Secretases  [ 46 ] 
 Serine-type protease  [ 19 ,  20 ,  47 ] 
 Thimet oligopeptidase  [ 18 ] 
 Trypsin-like protease  [ 17 ,  47 ] 
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by the time the fi ber cells attain maturity, but they remain in the lens, together with 
peptidases, and exert a low level of activity. With time, their cumulative effects 
contribute to the age-related truncation of crystallins, the cleavage of cytoskeletal 
proteins, membrane proteins such as aquaporins and connexins, and the generation of 
crystallin fragments. A number of proteases have been implicated in various aspects 
of lens development, organelle degradation, and lens physiology. Several endopep-
tidase activities have been demonstrated in mature lens fi ber cells [ 16 – 25 ].

   To highlight some of the other evidence linking proteolytic activity to protein 
aggregation preceding cataractogenesis, proteases that cause truncation of 
α-crystallin missing fi ve residues from its C-terminus have been identifi ed as 
calpains [ 48 ]. In addition, in studies of cataract formation in rat lenses, calpains 
have been shown to induce accelerated truncation in α- and β-crystallins [ 49 ]. 
Proteolytic activity that cleaves αA-, αB-, and βA3/A1-crystallin to generate peptide 
fragments has been demonstrated in human lenses [ 19 ,  50 ]. Matrix-assisted laser 
desorption ionization imaging mass spectrometry (MALDI-MS imaging) studies 
have shown age-related changes in crystallin and other proteins in various species, 
including bovine, rabbit, guinea pig, rat and human lenses [ 51 – 55 ]. MALDI imaging 
studies have shown progressive truncation of αA- and αB-crystallins and aquaporin 
in concentric layers of fi ber cell, with the highest cleavage in the oldest region of the 
lens [ 53 ,  55 ]. Further, the abundance of cleaved products increase with age in a 
given lens reinforcing the likelihood that an age-related increase in crystallin 
degradation occurs during aging [ 56 ]. The major bonds cleaved in vivo are on the 
carboxyl side of Asn101, Asp151, Ser168, and Ser169 of the A chain and on the 
carboxyl side of Thr170 of the B chain of bovine α-crystallin [ 11 ,  57 ]. The other 
truncation observed in αA-crystallin is due to cleavage at the carboxyl side of 
Ser172 [ 58 ], and the amount of cleaved αA- and αB-crystallin is high in the water- 
insoluble (WIS) fraction than in water-soluble (WS) fraction [ 59 – 61 ]. One study 
found that in aged human lenses, αA-crystallin is truncated by three residues and αB 
is truncated by one or six residues at the N-terminus [ 62 ]. Mass spectrometric 
analysis of WS and WIS fractions has identifi ed several of the previously known 
sites of truncation as well as a few additional ones [ 60 ,  63 – 68 ]. But the protease(s) 
responsible for α-crystallin truncation at multiple sites has not been identifi ed. 
Truncation of βB1-, βA3/A1-, and βB2-crystallins in vivo has been reported, based 
on the identifi cation of several truncated and cleaved β- and γ-crystallins in both WS 
and WIS fractions of human lenses [ 59 ,  60 ]. Since truncation alters the stability of 
βB2-crystallin in vitro [ 49 ], it is hypothesized that in vivo βB2-crystallin truncation 
may be responsible for its aggregation with aging. 

 Proteasome is the main intracellular proteolytic system responsible for clearing 
the damaged proteins. Lens fi ber cells and lens epithelial cells have a completely 
functional ubiquitin proteasome pathway (UPP), although the protein levels and 
activities of the protein components are lower in the inner region of the lens than in 
the outer region [ 42 ,  69 ]. The age-dependent decrease in proteasome activity in 
human lens may partly refl ect a decreased rate of clearance of damaged proteins and 
peptides [ 70 ]. The ubiquitin-dependent proteolytic pathway in the lens is involved 
in the degradation of oxidatively modifi ed proteins. However, due to an age-related 

P. Santhoshkumar et al.



225

decrease in ubiquitin conjugation activity, the oxidatively modifi ed crystallins 
accumulate in the lens, primarily in the nuclear region. The accumulation of 
modifi ed crystallins is believed to be responsible, at least in part, for the development 
of age-related protein aggregation and light scattering [ 9 ,  69 ]. Recent studies have 
shown that inhibition of the proteasome activity involved in the differentiation of 
lens fi ber cells prevents normal maturation of fi ber cells [ 15 ]. While calpains have 
been implicated in the maturation of rodent lens crystallins [ 49 ] and to some extent 
in the development of cataract in sheep [ 34 ,  63 ], the role of calpains in human 
cataractogenesis is not yet established because human lens also contains calpain 
inhibitor [ 30 ,  71 ]. The presence of lens proteins cleaved at specifi c sites during 
aging [ 57 ] provides credence to the idea that, although protease activity begins to 
decline in lens fi bers as they mature, the aging lens nevertheless has appreciable 
levels of protease and peptidase activity [ 14 ,  29 ,  72 ]. Such activity may be 
exemplifi ed in posterior capsular opacifi cation (PCO) after cataract surgery. 
Proteases, such as matrix metalloproteases (MMPs), have been implicated in the 
development of PCO. In addition, the increased expression of TIMP3, ADAM-12, 
ADAM-19, and ADAMTS7 genes in response to transforming growth factor β 
(TGFβ) treatment suggests that these proteases might play a role in the development 
of PCO as well [ 27 ].  

13.3     Effect of Proteolysis on α-Crystallin Subunits 
and Chaperone Activity 

 The lens WIS fraction (which is mostly composed of α-crystallin aggregates) con-
tains greater amounts of C-terminally truncated αA- and αB-crystallins than does 
the WS fraction [ 58 ,  60 – 62 ,  67 ]. Additionally, C-terminally truncated α-crystallin 
has reduced chaperone activity [ 73 ,  74 ], suggesting that C-terminal truncation 
affects oligomerization of α-crystallin and its chaperone activity. Studies of the 
oligomeric size, structure, hydrodynamic properties, and chaperone function of the 
C-terminally truncated human αA-crystallin mutants suggest that truncation of 
crystallins plays a role in high-molecular-weight aggregate formation and loss of 
chaperone activity in the aging lens [ 73 – 75 ]. A portion of αA-crystallin is in its 
deamidated form in the aged lens. Surprisingly, a study of truncated αA-crystallin 
in its deamidated form revealed that the C-terminally truncated (αA-1-140) and 
deamidated (αA-N123D) form possesses better chaperone activity than the truncated 
form [ 76 ], raising the possibility that deamidation in a truncated αA-crystallin might 
be benefi cial. In vitro studies have shown that the C-terminally truncated 
αA-crystallin (αA-1-162) is susceptible to degradation by the UPP. However, 
oligomerization of the truncated αA-crystallin with wild-type αA- or αB-crystallin 
was found to render it more resistant to UPP, perhaps one of the reasons for the 
accumulation of truncated crystallins in vivo [ 77 ]. 

 The effect of α-crystallin truncation on oligomerization is apparent from our 
studies with recombinant αA151-crystallin. The addition of increasing amounts of 
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αA151 to wild-type αA-crystallin causes a concentration-dependent increase in the 
oligomeric mass of αA-crystallin. When wild-type αA-crystallin and αA151 were 
mixed at a 3:1 ratio, the mass of the hetero-oligomers was 14.0 ± 0.04 e5 , whereas the 
oligomers formed when αA- and αA151 were mixed at 2:1 ratio was 20.0 ± 0.01 e5  
and both these masses were signifi cantly higher than the mass of oligomers formed 
by wild-type αA-crystallin. There was also an increase in the hydrodynamic radius 
of αA-crystallin + αA151 oligomers (11.8 ± 0.3 nm), as compared to the 
hydrodynamic radius of oligomers of wild-type αA-crystallin (8.0 ± 0.2 nm). While 
the reasons for the increase in the size of oligomers in a dynamic α-crystallin 
molecule is not known, it might be due to the change in the subunit exchange rate 
following truncation. When labeled full-length αA + truncated αA151 hetero- 
oligomers, prepared at 2:1 ratio, were examined by fl uorescence energy transfer 
assay, the subunit exchange rate was 0.0486/min, signifi cantly lower than the 
0.0572/min in the control experiment, suggesting that the C-terminal truncation 
affects the dynamic state of α-crystallin. Thus, the slower exchange rate may result 
in the retention of a larger number of subunits bound to the oligomer, leading to 
larger aggregate formation.  

13.4     Analysis of Human Lenses and Identifi cation 
of Crystallin Fragments 

 The concentration of crystallin fragments (<18 kDa) is higher in aged and cataract 
lenses than in normal young lenses [ 29 ,  49 ,  52 ,  59 ,  60 ,  66 ,  78 ,  79 ]. Similarly, we 
found that the concentration of low-molecular-weight crystallin fragments (<3 kDa) 
is greater in aged and cataractous lenses than in young lenses [ 56 ,  80 ]. In our studies 
of peptide levels in young lenses (20 years old;  n  = 5), aged lenses (70 years old; 
 n  = 5), and cataract lenses (74 years old;  n  = 5), the total peptide level in young lenses 
was 0.29 mg/lens, whereas in old and cataract (with light brown nucleus) lenses 
peptide levels were only marginally different (0.9 mg/lens and 1.1 mg/lens, 
respectively). A study of peptide distribution within the lens by MALDI tissue 
imaging showed that the inner most region of the lens, which represents the oldest 
lens fi ber cells, has the greatest amount of peptides, suggesting an age-dependent 
accumulation of the peptides in vivo [ 9 ,  52 ,  65 ]. 

 Our liquid chromatography–mass spectrometry (LC-MS) studies clearly point to 
age-dependent peptide levels in the lens, with aged lenses having a higher 
concentration than young and middle-aged lenses. The total ion current (TIC) 
elution profi le of WS peptides in young, middle-aged, and aged lenses demonstrated 
more peptides in the aged lens than in the middle-aged lens. When the peptide ion 
populations from LC-MS data sets of lens samples from young and middle-aged 
lenses were analyzed by Agilent Mass Profi ler software and the peptides showing 
statistically signifi cant abundance changes across samples were plotted in a log/log 
plot, a total of 1,261 peptides was found in WS lens fractions and majority of them 
at a higher concentration in the WS fraction of middle-aged lenses. When the data 
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were fi ltered to exclude peaks whose abundance was <1 % of the most abundant, 
there were 128 peptides, of which 18 were unique to young lenses and 102 were 
unique to middle-aged lenses, and only 8 peptides were shared (Fig.  13.2a ). Thus, 
there was a fi vefold increase in the number of distinct peptides in middle-aged 
lenses when compared to young lenses. In the comparison between middle-aged 
and aged lenses, 1,804 peptides were detected and they were clearly more abundant 
in aged lenses than middle-aged lenses. Further analysis showed that 78 peptides 
were unique to middle-aged lenses, 199 unique to aged lenses, and only 74 peptides 
were shared (Fig.  13.2b ). Thus, there is a clear progression of peptide appearance 
from young to aged lenses. Interesting results also emerged from our LC-MS 

  Fig. 13.2    A log/log plot displaying fold changes in water-soluble (WS) ( a ,  b ) and water-insoluble 
(WIS) ( c ,  d ) peptides in young vs. middle-aged lenses ( a ,  c ) and middle-aged vs. aged human lenses 
( b ,  d ). The WS and WIS fractions from the lenses were treated with 6 M urea and fi ltered using 
10 kDa fi lter to isolate the LMW peptides. The peptides were analyzed by LC-MS on an Agilent 
6520 Accurate Mass QTOF mass spectrometer at University of Missouri Proteomic Core facility       
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analyses of peptides in the urea-soluble fraction of the lens proteins from different 
age groups. In the young vs. middle-aged comparison of peptides, 718 peptides 
were detected. When data were fi ltered to exclude peaks whose abundance is <1 % 
of the most abundant, only 79 peptides differentially abundant in both samples were 
detected and most of the peptides appear in middle-aged lenses (Fig.  13.2c ). This 
fi nding indicates the prominent presence of WIS, urea-soluble peptides in middle- 
aged lenses. In the middle-aged vs. aged comparison, 1,502 peptides were detected 
with a bias towards middle-aged lens. However, after applying the 1 % threshold to 
the data, there were 195 peptides, of which 13 were unique to middle-aged lenses, 
157 unique to aged lenses, and 25 were shared (Fig.  13.2d ). Thus, the age-related 
increase in peptide abundance in both WS and urea-soluble fractions of the lens 
attests to an age-dependent increase in the cleavage of crystallins.  

 A number of factors could be involved in the accumulation of low-molecular- 
weight peptides (<10 kDa) with age, such as the activation of proteases, decreased 
clearing of the peptides due to diminished peptidase activities, the binding of the 
peptides to crystallins, and making them resistant to further degradation by 
peptidases, and increased nonenzymatic cleavage of crystallins in aging lenses due 
to free radicals generated in vivo. The presence of latent protease and nonenzymatic 
cleavage of lens crystallins is well documented [ 20 ,  64 ,  68 ]. Our studies with lens 
acylpeptide hydrolase (APH) demonstrate that a truncated form of this enzyme has 
the potential to cleave lens proteins and it is present in aged lenses [ 26 ,  81 ,  82 ]. 
Analysis of different regions of the bovine lens revealed the least amount of 
peptidase activity in older lens fi ber cells with the highest amount of crystallin 
fragments (Fig.  13.3 ). Further, on the basis of the activity distribution of major 
peptidases in the lens, it is evident that the activity of leucine aminopeptidease, 
aminopeptidase III, prolyloligopeptidase, and APH, whose action together would 
result in complete hydrolysis of any peptide, is signifi cantly less in the nuclear 
region as compared to the outer and inner cortical region of the same lens (Fig.  13.3 ).  

 We have identifi ed a large number of the peptides in human lenses of different 
age groups [ 56 ,  80 ]. Several of the peptides were from the N-terminal domain of 
αA- or αB-crystallins or the chaperone site [ 56 ,  83 ]. There were also representative 
peptides from β- and γ-crystallins. However, it has not been possible from the 
peptides identifi ed to reconstruct the full sequence of crystallins, suggesting that 
some of the peptides are fully hydrolyzed into amino acids. How all of these peptides 
are formed and why some are not completely hydrolyzed into amino acids in vivo 
are not known. Specifi c proteases are likely involved in the generation of some 
peptides, whereas other peptides are likely generated by free radical-mediated 
cleavage of peptide bonds. Recently, we synthesized peptide substrates with 
αA-62- 70 and αA-76-85 sequence and demonstrated that the lens has proteases that 
cleave these synthesized substrates at the site(s) corresponding to the in vivo 
cleavage that results in the release of αA-66-80 peptide from αA-crystallin [ 25 ]. 
Human lens has αA-66-80 and βA3-188-215 peptides [ 56 ] and their truncated 
forms, likely generated by the action of aminopeptidases. A separate study using 
synthetic peptides showed that spontaneous cleavage of peptide bonds might be 
occurring to generate peptides with Ser-terminal residues [ 64 ].  
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13.5     Crystallin-Derived Peptides Induce Protein Aggregation 

 Proteolysis has been implicated as one of the cataract-inducing events [ 14 ,  84 ]. 
However, until recently, the molecular mechanism of crystallin fragment-induced 
protein aggregation in the lens has not been explained, although the intrinsic 
aggregation propensity of amyloidogenic peptides has been shown to correlate with 
protein aggregation disease [ 85 ,  86 ]. We were the first to demonstrate that 
peptides derived from oxidized crystallins induce the aggregation of crystallins 
by interaction at specifi c regions [ 87 ]. Subsequently we found that αB-1-18 
(MDIAIHHPWIRRPFFPFH) and βA3/A1-102-117 (SD(N)AYHIERLMSFRPIC) 
peptides, present in aged and cataract lenses, induce aggregation of αB-crystallin 
[ 87 ,  88 ]. The αB-crystallin complexed with βA3/A1-102-117 peptide showed 
diminished chaperone activity, thereby preventing its ability to suppress protein 
aggregation. Peptide cross-linking and mass spectrometric studies showed that the 
βA3/A1 102-117 peptide interacted with αB-crystallin regions 70-74, 83-107, 

  Fig. 13.3    Relationship between lens polypeptide levels and protease activities in different regions 
of the bovine lens. Decapsulated lenses were agitated in 3 mL portions of water and, after certain 
amount of fi ber cells were dissolved, the undissolved portion of the lens was transferred to another 
container and the process was repeated 12 times to completely dissolve the lens. The 12 fractions 
were further homogenized in a dounce homogenizer. Leucine aminopeptidase (LAP) activity was 
assayed at pH 8.5 using Leu-pNA after activation with MgCl 2 . Aminopeptidase III (APIII), acyl-
peptide hydrolase (APH), and prolyl oligopeptidase (POP) activities were assayed at pH 7.5 using 
Arg-pNA,  N -Acetyl-Ala-pNA, and tBOC-Ala-Ala-pNA as substrates, respectively. The polypep-
tide (<18 kDa) content in each fraction was measured following SDS-PAGE by image analysis. 
The polypeptide levels decrease with increasing protease activities and vice versa suggesting a 
correlation between accumulation of lens polypeptide and proteolytic activity of lens       
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121- 123, 150-157, and 164-175, which are part of the α-crystallin domain and 
C-terminal extension. These data suggest that the βA3/A1-102-117 peptide acts like 
an anti- chaperone peptide because of its ability to interact with αB-crystallin at the 
chaperone site [ 88 ]. 

 Our extensive studies with αA66-80 peptide and its truncated forms αA-66-75, 
αA-67-75, and αA-67-80, which are present in aged lenses and in increasing 
amounts in cataract lenses [ 56 ,  80 ,  83 ] show that these peptides interact with purifi ed 
α-crystallin and cause aggregation and precipitation (Fig.  13.4 ). Of all the crystallin- 
derived peptides, αA-66-80 was found to be the most effective in precipitating 
α-crystallin (~70 %). Among the three truncated αA-66-80 peptides, αA-67-80 
precipitated and aggregated the α-crystallin the most (49 %), followed by αA-67-75 
(30 %) and αA-66-75 (20 %). Under similar experimental conditions, a peptide 
from a different region of αA-crystallin (αA-43-56) caused only 10 % protein 
precipitation. The interaction of the αA-66-80 peptide with α-crystallin also 
diminished α-crystallin chaperone activity pointing to one of the peptide interaction 
site(s) in α-crystallin subunits as a chaperone site, which was indeed subsequently 
confi rmed by isotope-labeled cross-linking and mass spectroscopic studies with 
αB-crystallin and αA-66-80 [ 83 ]. The αB-70-107 and 164-174 regions were 
identifi ed as αA-66-80 binding sites, and αB-72-92 region is now known to be one 
of the chaperone sites in αB-crystallin [ 89 ].   

  Fig. 13.4    Certain crystallin peptides found in the aged human lens precipitate α-crystallin in vitro. 
α-Crystallin and peptides in the ratio of 2:1 (w/w) were incubated in 500 μL of 50 mM phosphate 
buffer (in duplicates) at 37 °C for 24 h. After incubation, samples are centrifuged at 8,000 rpm for 
30 min. Pellets were re-dissolved in 20 μL of 6 M urea and made up to 200 μL with buffer. Protein 
concentration of the re-dissolved pellets was estimated by Bio-Rad protein assay reagent       
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13.6     Mechanism of Proteolysis-Mediated Crystallin 
Aggregation and Development of Cataract 

 Data from in vitro and in vivo experiments show that lens opacity resulting from 
crystallin protein aggregation bears the hallmarks of increased proteolysis and 
decreased α-crystallin chaperone activity, features observed in aging cataract-prone 
lenses [ 9 ,  11 ,  33 – 35 ,  49 ,  55 ,  60 ,  65 ,  73 ,  74 ]. Proteins from aging lenses show 
increased posttranslational modifi cations. As depicted in the Fig.  13.5 , it can be 
argued that the crystallin fragments accumulating in vivo due to proteolysis 
(enzymatic + nonenzymatic) occupy the central position in the pathway for lens 
opacifi cation because of both their ability to induce aggregation and precipitation of 
α-crystallin and their anti-chaperone activity [ 56 ,  80 ,  83 ,  87 ,  88 ,  90 ]. The interaction 
of crystallin-derived peptides with α-crystallin can bring about structural changes 
that encompass hydrophobicity enhancement and the propensity to aggregation 
with additional crystallin molecules. These mechanisms are supported by our 

  Fig. 13.5    Schematic representation of the proposed role of proteases and crystallin fragments in 
lens aging and cataract formation       
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observation that after peptide interaction with α-crystallin, there is increased bind-
ing of hydrophobic site-specifi c probe bis-ANS [ 83 ]. Further, time-lapse recording 
has shown that α-crystallin–peptide complexes, once formed, attract additional pro-
tein molecules and the aggregates begin to grow [ 80 ]. The importance of the interac-
tions between α-crystallin and crystallin-derived peptides and the accumulation of 
crystallin fragments as a result of proteolysis garners additional support from the 
observation of higher amounts of crystallin fragments in transgenic lenses expressing 
the protease APH prior to the development of lens opacity [ 91 ].   

13.7     Animal Models for Studying Lens 
Proteases in Cataractogenesis 

 Various attempts have been made to develop animal models to study the role of 
proteases in cataract formation [ 33 ,  34 ,  71 ,  91 – 93 ]. Hyperbaric oxygen-treated 
Guinea pig lens is a good model for investigating the mechanisms of age-related 
cataract formation. Analysis of hyperbaric oxygen-treated lenses shows glutathione 
loss, increased protein degradation, protein aggregation and insolubilization, protein 
cross-linking, membrane abnormalities, etc. all features like the changes observed 
in the aging human lens [ 94 – 97 ]. The hyperbaric oxygen-treated Guinea pig lens 
shows specifi c cleavages of crystallins and the presence of some of peptides seen in 
human lenses. Yet to be determined is to what extent does proteolysis contribute to 
cataract formation in this attractive model for human age-related cataract. A sheep 
model with an autosomal dominant gene for cortical cataract has been developed to 
test the role of calpain in cataract formation [ 34 ]. The cataract lenses from this 
model show cleavage of cytoskeletal proteins, similar to that occurring after calpain 
activation. Although calpain inhibitor was found to be very effective in controlling 
cataract formation under lens culture conditions, application of calpain inhibitor 
topically to the animal eyes was less effective, with only 27 % of the eyes showing 
decreased opacity in the initial 3 months compared to opacity in the controls that did 
not receive treatment [ 33 ]. It is unclear whether the ineffective delivery of the 
inhibitor was the reason for the limited success in this study. Nevertheless, this 
model offers an opportunity to test the involvement of calpain in particular and 
proteases in general in the development of cataract. 

 A fully functional ubiquitin proteasome system is required for lens development. 
Transgenic mice expressing K6W-ubiquitin (K6W-Ub) have been utilized to study 
the importance of K6W in ubiquitin in particular and UPP system in general. The 
transgenic lines of K6W-Ub exhibited defective lens development and alteration in 
protein expression [ 98 ]. The defect in lens development and cataract formation in 
mice that express K6W-Ub in the lens may be related to the changes in protein 
expression and intact K6 is required for progress of a proper differentiation program. 
We recently created transgenic mice that overexpress APH specifi cally in the lens to 
test the role of protease in the generation and accumulation of peptides [ 91 ]. Cataract 
development was seen at various postnatal days in the majority of mice expressing 
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active APH (wt-APH). Cataract onset and severity correlated with the total APH 
protein and activity in the lens. Transgenic mice carrying inactive APH (mt-APH) 
did not develop cataract. Cataract development also correlated with N-terminal 
cleavage of the APH to generate a 57-kDa protein, along with an increased 
accumulation of low-molecular-weight (LMW) peptides, similar to those found in 
aging human and cataract lenses. Figure  13.6  shows the profi le of crystallin 
fragments found in transgenic lens 1 month postnatally, prior to the development of 
cataract. In this animal model with mature cataract, the crystallin modifi cations and 
cleavage were quite dramatic. Affected lenses showed capsule rupture at the 
posterior pole, with expulsion of the lens nucleus and degenerating fi ber cells. This 
study suggests that the cleaved APH fragment might be responsible for the 
accumulation of distinct LMW peptides that promote protein aggregation in lenses 
expressing wt-APH since earlier studies showed that 57 kDa form of APH is 
catalytically active [ 81 ]. The animal models such as this would be useful to test the 
use of protease inhibitors to prevent cataracts induced by proteolysis.   

  Fig. 13.6    MALDI TOF MS analysis of low-molecular-weight (LMW) peptides in 30-day postna-
tal lenses of transgenic mice expressing inactive acylpeptide hydrolase (mt-APH) and active APH 
(wt-APH). The lenses were homogenized in 6 M urea buffer containing protease inhibitors and 
fi ltered through 10 kDa fi lter to collect the LMW peptides. The lenses expressing wt-APH had 
signifi cantly more peptides compared to the control group (mt-APH). The sequences identifi ed 
by Nanospray QqTOF MS/MS analysis are given in  parenthesis . Some of the peptides present 
distinctly in wt-APH group are also found in aging human lenses. ( Note :  Asterisk  Intensity was 
truncated for scaling purpose). This research was originally published in J. Biol. Chem. 
(P. Santhoshkumar, L. Xie, M. Raju, K. Krishna Sharma. Lens crystallin modifi cations and cataract 
in transgenic mice overexpressing acylpeptide hydrolase. J. Biol. Chem. 2014, 289, 9039-9052. © 
the American Society for Biochemistry and Molecular Biology)       
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13.8     Future Directions of Lens Protease Research 

 Optimal function of proteases is clearly required for lens development and 
maturation. An imbalance between proteolysis and removal of crystallin fragments 
can result in the accumulation of protein breakdown products that are detrimental to 
the lens. The interaction of crystallin degradation products with α-crystallin may 
compromise the lens function. The available animal models, assay methods, new 
protease inhibitors, and delivery methods offer greater opportunities to understand 
the molecular mechanisms involved in proteolysis-mediated cataract formation and 
development of therapeutic molecules in coming years.     
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14.1  �Introduction

The eye lens is a tissue composed mainly by proteins that are characterized by the 
absence or reduction of turnover; consequently, they are sensitive to age-related and 
environmental damage. The accumulation of modified proteins during aging is 
associated with lens opacification or senile cataract. Throughout life, the eye lens 
suffers constant exposure to light that is essential for vision. In addition this light 
has also been postulated to play an important role in systemic health through the 
interaction with photosensitive retinal ganglion cells that set the circadian clock [1, 
2]. However, there is evidence of the occurrence of photochemical modifications in 
the eye lens proteins during aging, which could contribute to the development of 
cataracts [3, 4]. To understand and explain the photochemical processes that can 
occur in the eye lens, it is necessary to consider the principles governing these reac-
tions. The first law of photochemistry, now known as the Grotthuss–Draper law, 
establishes that “Only the light that is absorbed by a system can cause chemical 
change.” Consequently, the absorption properties of the chemical constituents of the 
lens determine the feasibility of the occurrence of photochemical processes in this 
tissue. The main photochemical activity of the lens proteins, constituting approxi-
mately 35 % of the wet weight and nearly all the dry weight of the lens, should thus 
be due to the absorption capacity of the aromatic chromophores of the amino acids 
Phe (ε259nm = 2 × 102/M  cm), Trp (ε279nm = 5.2 × 103/M  cm), and Tyr 
(ε278nm = 1.1 × 103/M cm) present in the lens proteins, and only radiation in the UVB 
region can provoke direct photochemical modifications. Indeed, several authors 
have concluded that UVB radiation induces anterior lenticular opacities [5–7] in 
lenses exposed to this type of UV light. Under normal conditions, ozone and molec-
ular oxygen block electromagnetic radiation below 280 and 240 nm, respectively, 
and no UVC reaches the Earth’s surface. UVB is received in varying amounts, 
depending on the diurnal variation of ocular UV exposure [8] and the location on 
the Earth [9]. The cornea (100 % absorption below 280 nm, 92 % at 300 nm, and 
45  % at 320  nm) and aqueous humor (6  % absorption at 300  nm and 16  % at 
320 nm) filter most of the UVB that reaches the eye [10–12]. The deleterious mech-
anisms, associated with photo-induced damage in the eye lens, mediated by UVA 
(315–400 nm) and even visible light radiation (400–700 nm), are subjects of increas-
ing interest [4, 13, 14]. The occurrence of UVA-visible-mediated photochemical 
processes requires the presence of chromophores, with photosensitizing properties 
that absorb in this region of the electromagnetic spectrum. Numerous chromophores 
have been identified in human cataractous eye lenses [15–20], and despite their 
diverse chemical origin, many of them can act as photosensitizers [21–26], which 
can be precursors of damage to structural and functional components of the eye lens 
fibers, including crystallin proteins, ascorbic acid, glutathione, and the proteasome, 
among others. These types of reactions have been proposed to play a relevant role 
in the onset of human age-related nuclear cataract [24, 26]. A photosensitizer (S) 
can be defined as a compound that is electronically excited through the direct 
absorption of photons, and this energy is transferred to another molecule that can 

E. Silva et al.



241

result in a direct modification or be an intermediary of further modifications. The 
photosensitizing properties can be manifested through Type I, Type II, or mixed 
Type I-Type II mechanisms [27, 28], where the Type I mechanism is favored at low 
oxygen concentrations.

Type I mechanism

	 S h S S+ ® ®u 1 3
	 (14.1)

	
3S RH RH SH R+ ® + ® +S • • • •- +

	 (14.2)

	 S O S O• •- -+ ® +2 2 	 (14.3)

	 2 2SH S SH• ® + 	 (14.4)

	 SH O S H O2 2 2 2+ ® + 	 (14.5)

	 H O O OH OH O2 2 2 2+ ® + +- -• •

	 (14.6)

	 2R R R• ® - 	 (14.7)

	 R and or R H O O OH O ROxid/ / / /• • •+ ®-
2 2 2 2 	 (14.8)

Type II mechanism

	 S h S S+ ® ®u 1 3
	 (14.9)

	
3

2
1

2S O S O+ ® + 	 (14.10)

	 RH O ROxid+ ®1
2 	 (14.11)

In these mechanistic formulations, S, 1S, and 3S represent the sensitizer (S) in the 
ground state and in the excited singlet and triplet states, respectively; S•−, SH•, and 
SH2 are the radical anion, the neutral radical, and the reduced form of S, respec-
tively; RH corresponds to the reduced substrate; and RH•+, R•, and ROxid represent 
the intermediate radical cation, the neutral radical, and the oxidized form of the 
substrate, respectively. It can be appreciated in Eqs.  14.1–14.11 that the oxygen 
concentration modulates the prevalence and efficiency of Type I o Type II photosen-
sitized mechanisms [29, 30]. At low oxygen concentrations, the Type I mechanism 
that implies a direct electron transfer between the substrate and the triplet excited 
state of the sensitizer (Eq. 14.2), followed by a sequence of reactions (Eqs. 14.3–
14.8), is favored. It is important to consider that processes represented by Eqs. 14.1, 
14.2, 14.4, and 14.7 do not require the presence of oxygen in the reaction medium. 
The oxygen pressure in the lens epithelium reaches values between 17 and 23 mmHg 
(approximately 2.2–3.0 % O2) [31], and this pressure drops steadily toward the cen-
ter, leading to an oxygen pressure <2 mmHg in the core [32]. The trace amounts of 
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O2 present in the lens nucleus produce significant levels of oxidized products in the 
nucleus of the guinea pig lens exposed to UVA light [33] and contribute to the 
regeneration of the sensitizer (Eqs. 14.3, 14.5, and 14.10). The hypoxia in the deep 
cortical layers of the normal lens serves as a trigger for the organelle loss process 
that ensures the transparency of the tissue [34]. Nevertheless, with age, an extent of 
vitreous liquefaction, concomitant with a modification in the oxygen distribution 
that increases the susceptibility of the lens to oxidative injury, has been observed 
[35]. These processes, together with the impediment to glutathione diffusion in 
older normal human lenses [36], could promote the decomposition of ascorbic acid 
and, therefore, the generation of colored advanced glycation end products (AGEs).

14.2  �Dye-Sensitized Capacity of Advanced  
Glycation End Products

In the literature, there is an extensive list of low molecular weight compounds that 
changes their relative concentration in the human eye lens during aging and in non-
diabetic cataracts [26, 37–40]. These compounds have been assigned different pos-
sible roles based on whether they act as sensitizers and prooxidants, antioxidants or 
benign filters that protect the posterior parts of the eye from light damage; some 
compounds still have an uncertain role [25, 41].

In this section, we discuss the photochemical mechanisms that take place during 
the irradiation of amino acid models of advanced glycation end products and their 
effects on key molecules that are targets of oxidative stress in the eye lens.

The generation of advanced glycation end products (AGEs) in lens proteins has 
been proposed as a major protein modification contributing to the formation of age-
onset and diabetic cataracts [20, 26, 42–46]. In the eye lens, the formation of AGEs 
can occur with either glucose (important in diabetic patients with high sugar levels) 
or ascorbic acid oxidation products [45–48]. The degradation of glucose and ascor-
bic acid can produce intermediaries, such as threosone and 3-deoxythreosone, that 
possesses carbonyl groups that can react with proteins, giving rise to AGEs [49, 50]. 
Evidence of the presence of tetroses has been reported in the aqueous humor of 
cataractous subjects [51] as well in the water-soluble and -insoluble fractions of lens 
proteins from cataractous patients [52], indicating the relevance of the nonenzy-
matic degradation of glucose and ascorbic acid.

Most of the known AGEs can be formed from nonenzymatic degradation 
intermediates, as another route to the well-known cellular metabolic pathways. 
These intermediates generate electrophilic compounds, such as methylglyoxal, 
which can also give rise to AGEs [53–55]. The generation of AGEs via nonenzy-
matic reactions is especially important in mature eye lens fibers, where the con-
tribution to AGEs generated through metabolic pathways is expected to be 
negligible due to the absence of organelles and a reduced or absent glucose meta-
bolic activity [56].
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In proteins, glycation process is initiated by a nucleophilic attack of sulfhydryl 
or amino groups to carbonyl groups of carbohydrates or their degradation products, 
which leads to the formation of a Schiff’s base, followed by an Amadori rearrange-
ment (aldoses) or Heyns rearrangement (ketoses). The generation of intermediary 
compounds containing new carbonyl groups allows the reaction with another 
nucleophilic group, initiating multistep transformations that ultimately lead to a 
variety of structures known generically as AGEs. The generation of these com-
pounds is accompanied by the simultaneous appearance of a brown coloration with 
absorption bands in the UVA and visible regions of the spectra. Some of these chro-
mophores, which also have fluorophore properties (λem = 450 nm), have been probed 
as sensitizers when they are irradiated in the UVA region [23, 57]. However, there 
are no comparative studies concerning their photosensitizing activities when the 
irradiations are performed at low oxygen pressure and using different wavelengths 
to investigate the probable simultaneous occurrence of two or more sensitizing pro-
cesses in the reaction mixture. These conditions are very important because they 
simulate the physiology of a tissue, such as the eye lens, that has very low or no 
protein turnover, is not vascularized, is exposed to the direct effect of light and 
whose proteins are exposed to glycation for a long period of time, depending on the 
age of the subject. Research concerning UVA-absorbing compounds in the eye lens 
and their photochemical properties has been a subject of increasing interest [12, 16, 
26, 58, 59]. Under aerobic conditions, excited states of AGEs are deactivated, gen-
erating singlet oxygen as the predominant specie [60] and overcoming the genera-
tion of superoxide radical anion [61] and hydrogen peroxide [62]. Nonetheless, 
assessments of the actual photosensitizing potential of AGEs did not take into 
account the low oxygen concentration in this tissue, which can have a direct influ-
ence on the prevalence of the Type I photosensitizing mechanism. Consequently, 
these studies overlooked the reactive species produced through this pathway. In 
recent years, new studies have been performed in vitro, using models of AGE as 
photosensitizers and taking into consideration the low oxygen pressure of the lens. 
The purpose of these studies, whose main results are shown below, was the com-
parative evaluation of the photosensitizing activity of AGEs obtained in  vitro 
through the incubation of ascorbate (ASC), glucose (Glc), or threose (Threo) with 
lysine (Lys), employing the characteristic low oxygen pressure present in the eye 
lens [63]. The essential amino acid tryptophan (Trp) and vitamin C were used as 
targets to evaluate the efficiencies of the photo-processes which were performed 
with poly- and monochromatic light at 5 % O2.

Table 14.1 shows the quantum yields for Trp decomposition when this amino 
acid was irradiated with monochromatic light (344 or 367 nm) in the presence of the 
different sensitizers. It was observed that the quantum yields are from 2.8- to 5.7-
times lower at 367 nm than at 344 nm; this finding confirms the existence of at least 
two species with different sensitizing capacities in the samples. When the emission 
properties of the chromophores and their photosensitizing activities during Trp 
decomposition were compared, it was observed that at 344  nm (Fig.  14.1a) and 
367 nm (Fig. 14.1b), Trp decomposition quantum yields increased when the fluores-
cence emission yields of the sensitizers decreased. This inverse correlation can be 
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Table 14.1  Initial quantum 
yields for Trp sensitized 
decomposition at 344 and 
367 nm in the presence of the 
different chromophores 
(absorbance of 0.2 at 365 nm)

Sensitizers ϕ344 × 103 ϕ367 × 103

ASC 5.41 ± 0.98 1.23 ± 0.01
Lys/Glc 1.72 ± 0.31 0.61 ± 0.06
Lys/ASC 1.38 ± 0.28 0.55 ± 0.11
Lys/Threo 1.31 ± 0.66 0.23 ± 0.18

Reproduced from Photochem. Photobiol. 
2007, 83: 563-569 with permission from 
Wiley
The irradiations were performed under low 
oxygen pressure (5 % O2)
Data are the mean ± S.D. of three indepen-
dent experiments
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Fig. 14.1  Relative Trp photodecomposition quantum yields (striped columns) and emission fluo-
rescence efficiencies (black columns) at 344 (a) and 367  nm (b). One Hundred percent was 
assigned to the highest value of each set of data. Fluorescence emission efficiencies were expressed 
as relative emission intensities at the corresponding wavelengths divided by the fraction of 
absorbed energy (1 − Tλ). Reproduced from Photochem. Photobiol. 2007, 83: 563-569 with permis-
sion from Wiley
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mainly explained by considering that photosensitization is a triplet process and its 
quantum yield is inversely related to the fluorescence yield.

Taking into account that physiological ASC concentrations in the eye lens can be 
extremely high (between 1 and 2 mM) [64] and that its decomposition promotes the 
generation of colored compounds and also glycating agents, this vitamin was used 
as a target of the photo-processes mediated by amino acid models of AGEs studied 
in this work. The obtained ASC decomposition quantum yields mediated by AGE 
are significantly higher (ϕ367 × 103: 256 ± 10 for ASC, 110 ± 8 for Lys/Glc, 67.9 ± 3.9 
for Lys/ASC and 26.2 ± 2.8 for Lys/Threo) than those obtained for Trp decomposi-
tion (see Table 14.1), and the efficiency on the photodegradation was also dependent 
on the type of carbohydrate used as a precursor of AGE synthesis. The presence of 
copper ions in the reaction media can contribute to an active propagation of ASC 
oxidation. To avoid this effect, the experiments were carried out in the presence of 
the metal chelator DTPA.

Importantly, the efficient photosensitizing activity of the degradation products of 
ASC can autosensitize its own decomposition resulting in the complete depletion of 
this antioxidant. Trp in free form or as a constituent of proteins is normally one of 
the main targets of photosensitizing processes mediated by AGEs [29]. It has been 
demonstrated that the AGE-photosensitized Trp oxidation rate increases with AGE 
concentration and is optimal at 5 % oxygen [29]. By contrast, for ASC, the photo-
oxidation rate increases with oxygen concentration. As ASC is more rapidly photo-
degraded than Trp, the antioxidant competitively protects Trp from oxidation up to 
1 mM, although not absolutely [29]. There is no exact information in reference to 
the chemical nature of the compounds responsible for this coloration, but the main 
products of ASC degradation are well documented [49, 52, 65–68].

The mechanistic aspects of the photo-processes mediated by a model of AGEs, 
obtained by the incubation of Nα-acetyl-l-lysine, Nα-acetyl-l-arginine and d-
glucose, have also been analyzed [69]. To investigate the photosensitizing mecha-
nism of AGEs, Trp was used as a model target and the photodecomposition quantum 
yields at 367 nm of this amino acid were determined at different oxygen concentra-
tions. FeCy, a known electron-scavenger [70], was used with the aim of interfering 
with the electron-transfer mechanism, whereas deuterium oxide buffer was used to 
enhance singlet oxygen-mediated photodamage.

The results shown in Table 14.2 support a combined Type I–Type II mechanism 
for all oxygen concentrations, with Type I and Type II favored at low and high oxy-
gen concentrations, respectively. The fraction of Type I (fType I) and Type II (fType II) 
mechanisms that contributes to Trp photodecomposition depends on both Trp and 
oxygen concentration, and the rate constants of the reactions between triplet AGEs 
and Trp or O2. This relationship is expressed by the equations below:

	
f Trp Trp OTypeI et ic P et q= [ ] + + [ ]+ [ ]( )k k k k k/ ,2 	

(14.12)

	
f O Trp OTypeII q ic P et q= [ ] + + [ ]+ [ ]( )k k k k k2 2/ ,

	
(14.13)
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where ket, kic, kP, and kq correspond to the rate constants of the electron transfer 
between triplet AGE and Trp; internal conversion; phosphorescence emission; and 
the quenching of triplet AGE by oxygen, respectively.

Given that the Trp concentration was the same in all the experiments, the contri-
bution of Type I and Type II photo-processes depends solely on the oxygen concen-
tration and the values for the rate constants of the processes.

At 5 % O2, the Type I photosensitizing mechanism is predominant because the 
presence of FeCy considerably drops the quantum yield to 51 % with respect to the 
control. A similar result was reported previously for the predominantly Type I sen-
sitizer, riboflavin [28]. In the same conditions, D2O increases the damage 2.6 times, 
which is low if we consider that deuterium oxide prolongs the lifetime of singlet 
oxygen approximately 10–17 times compared to water [71]. This result indicates a 
small contribution of singlet oxygen at low oxygen concentration.

At 20 % O2, the quantum yield drops to 64 % with respect to 5 % O2. This result 
is consistent with the finding that AGEs acts preferentially as Type I sensitizers. 
Therefore, the fourfold increase in the oxygen concentration disfavors the interac-
tion between the triplet sensitizer and tryptophan, which is reflected in a lower dam-
age to the target. The presence of FeCy does not inhibit the process to a great extent 
(down to 80 % of the control), which agrees with the fact that at 20 % oxygen, the 
Type I mechanism is disfavored. A high oxygen concentration favors the quenching 
of the triplet state of the sensitizer by ground state oxygen in a Type II mechanism 
that generates singlet oxygen, which is observed as a fivefold increase in the quan-
tum yield when the reaction is performed in deuterium oxide buffer.

At 100 % O2, the quantum yield rises again to 89 % of the value observed at 5 % 
O2. This result was surprising because for a Type I sensitizer, an even greater 
decrease in the quantum yield was expected compared to the value at 20 % O2.  
A plausible explanation for this behavior is that at 100 % O2, the increased amount 
of singlet oxygen generated in this condition, compensates for the loss in a Type I 
mechanism, thereby balancing the total efficiency of the process. The influence of 

Table 14.2  Quantum yields for AGE-sensitized Trp decomposition at 
367 nm under different oxygen pressures

Trp photodecomposition quantum yields (ϕ367 × 103)

O2 (%) Control Added FeCya D2O bufferb

5 0.55 0.28 1.44
20 0.35 0.29 1.74
100 0.49 0.38 2.42

Reproduced from Photochem. Photobiol. 2009, 85: 185-194 with permis-
sion from Wiley
Initial concentration of Trp was 50 μM and AGEs were set at an absorbance 
of 0.2 at 365 nm
aFeCy was added at a final concentration of 0.1 mM
bPhosphate buffer 100 mM was prepared in D2O (pD = 7.4)
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FeCy and D2O in the quantum yield shows the same behavior as that observed at 
20 % O2 and is consistent with the predominance of the Type II mechanism at high 
oxygen concentrations. Singlet oxygen concentrations from 1.2 to 2.7 μmol/mL 
have been reported for purified threose AGE compounds irradiated with UVA [23].

Notwithstanding the fact that an enhancement of the photodamage in the pres-
ence of deuterium oxide was observed for all oxygen concentrations, supporting the 
participation of the Type II mechanism, the increase was small compared to the 
expected enhancement of the lifetime of singlet oxygen. The ratio between the quan-
tum yields in D2O and in H2O is 2.62 at 5 % O2, which is low compared to that for 
known Type II sensitizers such as methylene blue, where a ratio of 8.29 in oxygen-
saturated solutions was observed [72]. In the same study, a ratio of 4.99 was observed 
for riboflavin in aerated solutions, which agrees well with the values of 4.97 and 
4.94 observed for 20 % and 100 % oxygen concentrations, respectively, that were 
found for AGE in our conditions. These data indicate that Type I photo-processes are 
the principal mechanism by which AGEs induce photodamage under low oxygen 
conditions, which corresponds with the in vivo condition in the eye lens.

14.3  �Autosensitized Oxidation of Colored and Glycated 
Bovine Lens Proteins Exposed to UVA-Visible  
Light at Low Oxygen Concentrations [73]

Photooxidative damage produced by AGEs generated during aging has been pro-
posed as a possible mechanism of cataract formation [3, 23, 25, 26, 57]. In this part 
of the chapter, the photosensitizing ability of the chromophores generated by the 
incubation of bovine lens proteins (BLPs) with ASC will be analyzed, taking into 
consideration the actual low oxygen concentration present in the eye lens [74]. As 
lenticular AGEs are believed to mainly derive from the reaction between crystallins 
and the oxidation products of ASC [16], ASC was chosen to induce the glycation 
reaction and the concomitant production of the colored compounds required to per-
form photochemical studies of AGEs bound to proteins.

Glycated samples of lens proteins (10 mg/mL) were incubated for 3 and 6 days 
in the presence of 30  mM ASC and 5 μM CuSO4, respectively, resulting in an 
increase in the absorbance in the UVA-visible region that is associated with the 
generation of AGEs (Fig. 14.2a). These compounds originate from the initial reac-
tion between amino groups of basic amino acid residues (e.g., the ε-amino groups 
of Lys residues) and carbonyl groups arising from the decomposition products of 
ASC. This reaction leads to the formation of a Schiff’s base, followed by an Amadori 
rearrangement. The generation of intermediary compounds containing new car-
bonyl groups allows the reaction with another amino group, initiating the multistep 
transformation and ultimately leading to a variety of structures known as advanced 
glycation end products (AGEs). The ASC-glycated proteins exhibited a 57 % loss 
in their amino group content at the end of 6 days (Fig. 14.2c), an amount that is 

14  Photosensitized Oxidation of Lens Proteins Exposed to UVA-Visible…



248

more than sufficient to explain the presence of 27  % cross-linked proteins 
(Fig.  14.2b). The majority of the generated cross-links corresponds to dimeric 
forms, which derive from the formation of these AGE-chromophores in which two 
amino groups from different protein subunits participate. This fact will determine 
the protein residues that will be exposed to the reactive species generated during the 
photosensitization processes mediated by these covalently bonded chromophores.

Protein carbonyl groups were also detected in parallel with the formation of 
AGEs and the decrease in amino group content (Fig. 14.2c). Under the experimental 
conditions employed in this work, carbonyl groups could be introduced into pro-
teins by a variety of oxidative processes. One of these processes is related to the 

Fig. 14.2  Glycation of bovine lens proteins (LP) with ascorbic acid (ASC). (a) Shows the 
UV-visible spectra and time course production of advanced glycation end products. Samples were 
dialyzed and the spectra were recorded at a concentration of 1 mg/mL. (b) Shows the changes in 
the SDS-PAGE patterns of the samples. Lanes a–d correspond to the MW standard, 1, 3 and 6 days 
of incubation, respectively. (c) Shows the loss in amino group content (open square) and the rise 
in carbonyl groups (filled triangle) due to the glycoxidation processes. Controls for amino group 
loss (open circle) and carbonyl group formation (filled diamond) were performed by incubating the 
protein in the absence of ASC. Reproduced from Photochem. Photobiol Sci. 2008, 7: 718-724 by 
permission of The Royal Society of Chemistry (RSC) for the European Society for Photobiology, 
the European Photochemistry Association, and the RSC

E. Silva et al.



249

prooxidative capacity of ASC in the presence of trace amounts of Cu2+, especially 
when the antioxidant reaches low concentrations and is not able to trap the reactive 
oxygen species (ROS) generated by the reoxidation of the reduced transition metal 
[75]. It is possible that this process occurs due to oxidative Maillard reactions cata-
lyzed by the copper present in the incubation medium. In this case, the Amadori 
products undergo a tautomerization process, which gives rise to a protein enediol. 
This reaction marks the start of glycoxidation, in which the enediol is oxidized to a 
protein dicarbonyl in a reaction catalyzed by the transition metal and with the par-
ticipation of molecular oxygen, which is reduced to a superoxide radical anion and 
finally is transformed to the hydroxyl radical via hydrogen peroxide in a new step 
that requires the presence of metals [76, 77]. The different ROS generated during 
the glycoxidation process are responsible for the oxidation that affects the side 
chains of reactive amino acids, such as His, Trp, or Tyr [78, 79]. This phenomenon 
was experimentally observed as a decrease in the fluorescence intensity of the Trp 
residues in the glycated proteins. Notwithstanding the fact that the precursors of 
AGEs include different intermediates that contain carbonyl groups, such as Amadori 
or Heyns products, it has been reported previously that neither of these products 
contributes to the 2,4-dinitrophenylhydrazine DNPH reaction because these groups 
are rapidly lost in a first-order reaction [80]. Consequently, the observed increase in 
the carbonyl content found during the incubation of lens proteins with ASC must be 
mostly attributed to oxidative processes mediated by ROS.

It has been demonstrated that low level CL is emitted after human serum albumin 
oxidation mediated by AGEs and ROS formation [63]. This CL lasts for several 
minutes after the end of the photolysis and is due to the formation of excited states 
generated in the decomposition of peroxides and/or hydroperoxides formed during 
the oxidation of Trp residues inside the proteins [81]. The CL observed after the 
exposure of ASC-glycated lens proteins to visible light at low oxygen pressure indi-
cates the occurrence of autosensitized photo-processes inside the proteins mediated 
by the covalently bonded AGE-chromophores (Fig. 14.3). As a consequence of the 
process, some amino acid residues become targets of this oxidation. The high sen-
sitivity of this method allows the observation of CL even when the samples are 
illuminated with visible light, notwithstanding the fact that the absorption proper-
ties of the irradiated samples are very low in this region. This result is especially 
relevant because it indicates that even visible light can contribute to the enhanced 
photo-processes found in aged lenses. Native proteins incubated in the absence of 
ASC were insensitive to the action of visible light.

Previous experiments performed with small molecular weight AGEs prepared 
with amino acids instead of the protein showed that the efficiency of these com-
pounds at low oxygen pressure during Trp oxidation is higher than that found in an 
aerobic atmosphere [29], indicating the prevalence of Type I sensitized photo-
processes. When lens proteins were irradiated with UVA-visible light in the pres-
ence of low molecular weight AGEs, the formation of cross-linking was observed 
(Fig. 14.4), indicating that Type I processes involving an electron transfer between 
the reactants took place, giving rise to radical intermediaries that are responsible 
for the aggregation processes. The absence of modifications in the electrophoretic 
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patterns of the glycated and subsequently irradiated proteins (Fig. 14.5) indicates 
that radical species generated during the electron transfer of a Type I mechanism 
are not able to give rise to the intermolecular cross-linking observed when the same 
experiments were performed using amino acid models of AGE-chromophores as 
sensitizers (Fig. 14.4). In the case of the protein-bound AGEs, the sensitizing dam-
age is restricted to the area near the sensitizer. The fact that the main increase in the 
carbonyl content after the irradiation of the glycated lens proteins was found in the 
cross-linked fractions (Fig. 14.6), which are those that contain most of the AGE-
chromophores, suggests that the damage is located in the vicinity where the sensi-
tizers are positioned. Nonetheless, considering that the protein concentration can 
be assumed to be as high as 300 mg/mL in the lens of the eye [67], the possibility 
of intermolecular reactions sensitized by the AGEs cannot be discarded.

Fig. 14.3  Time profile of the chemiluminescence (CL) observed after the 5 min irradiation of 
bovine lens proteins glycated with ascorbic acid under 5 % O2 pressure. CL measurement was 
performed after 30 s at 25 °C. The insert shows the correlation between the CL integrated along 
the first 20 min of decay and the incubation time. Symbols: (filled square) 6 days incubated native 
proteins in the absence of ASC, (open circle) 3 days glycation and (filled triangle) 6 days glyca-
tion. Reproduced from Photochem. Photobiol Sci. 2008, 7: 718-724 by permission of The Royal 
Society of Chemistry (RSC) for the European Society for Photobiology, the European 
Photochemistry Association, and the RSC
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Fig. 14.4  SDS-PAGE of bovine lens proteins previously irradiated with UVA-visible light in the 
presence of small molecular weight AGEs generated from the incubation of ascorbic acid with 
N-acetyl-lysine and N-acetyl-arginine. Lanes a–h correspond to MW standard, 0, 10, 20, 30, 40, 50 
and 60 min irradiated samples. Reproduced from Photochem. Photobiol Sci. 2008, 7: 718-724 by 
permission of The Royal Society of Chemistry (RSC) for the European Society for Photobiology, 
the European Photochemistry Association, and the RSC

Fig. 14.5  Irradiation of 6-days glycated lens proteins with UVA-visible light at 5 % O2 pressure. 
Lanes a–f show the SDS-PAGE analysis of the irradiated samples corresponding to the MW stan-
dard, 0, 15, 30, 45 and 60 min of irradiation, respectively. Lanes g–l show the Oxyblot analysis of 
the same samples. Reproduced from Photochem. Photobiol Sci. 2008, 7: 718-724 by permission of 
The Royal Society of Chemistry (RSC) for the European Society for Photobiology, the European 
Photochemistry Association, and the RSC
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The production of singlet oxygen when protein preparations from aged lenses 
were irradiated with UVA light has also been reported [57, 82]. The actual oxygen 
content in the lens is a topic that is still under discussion. Values of 28 mmHg in the 
cortex of the rabbit lens [83] and 2.5 mmHg for the bovine nucleus [33], and even 
the possibility of an essentially anaerobic lens [84] have been reported. In this con-
text, the Type I sensitizing mechanism, which in its first step does not require the 
presence of molecular oxygen and involves the direct interaction between the sen-
sitizer in triplet state and an adequate quencher, could play a very important role in 
the photosensitized events that occur in vivo in the eye lens. In addition to this find-
ing, Ortwerth et al. reported the generation of hydrogen peroxide [62] and superox-
ide anion [61] as a result of the UVA irradiation of human lens proteins. This 
reactive species can derive from the Type I mechanism. Sensitized photochemical 
reactions mediated by AGEs are characterized by low quantum efficiency, but this 
fact is contrasted by the important contribution of these chromophores to the absorp-
tion of the incident radiation impinging on the lens [30], including the radiation of 
the visible region.

Fig. 14.6  Increase in the carbonyl content of previously glycated proteins with the irradiation 
time. The intensity of the bands was measured with Image Master 1D Software. No modifications 
were observed on bands 4 and 5 of Fig. 14.5 and, therefore, they were not included in this figure. 
Reproduced from Photochem. Photobiol Sci. 2008, 7: 718-724 by permission of The Royal Society 
of Chemistry (RSC) for the European Society for Photobiology, the European Photochemistry 
Association, and the RSC
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As a final remark, these results have demonstrated that the covalently bonded 
chromophores located in the cross-linked and glycated lens proteins can induce 
photooxidative damage when the samples are exposed to UVA-visible light under 
the low oxygen pressure present in the eye lens. Nonetheless, this damage is 
restricted to the area close to the chromophores and cannot explain the protein 
cross-linking observed during aging and in patients with cataracts (see Scheme 14.1).

14.4  �Simultaneous Chemical and Photochemical Protein 
Cross-Linking of Eye Lens Proteins Incubated 
in the Presence of Ascorbate and Exposed  
UVA-Visible Light [85]

The in vitro incubation of lens proteins with ascorbic acid, which is present at high 
concentrations in the eye lens, results in glycation and protein cross-linking [16, 52]. 
Additionally, the glycated proteins are characterized by their sensitizer activity, 
which is very similar to that of the water-insoluble fraction from aged human lenses 
[48]. Colored ascorbic acid oxidation products obtained at 60 °C in oxidative condi-
tions generate tryptophan photooxidation and glucose 6-phosphate dehydrogenase 
deactivation when these products are irradiated with UVA-visible light [63].

Scheme 14.1  Effect of UVA-visible light on bovine eye lens proteins, previously cross-linked in 
the absence of light, after incubation in the presence of ascorbate (ASC). The photochemical dam-
age is circumscribed to the close vicinity of the chromophore
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The glycating and photochemical properties of the decomposition products of 
ASC make them particularly useful in experiments in which eye lens proteins are 
incubated in the presence of this vitamin, when the solutions are in the dark and also 
exposed to light, using a low concentration of oxygen, simulating the physiological 
conditions of the eye lens. The results observed in Fig. 14.7 show that the incuba-
tions performed in the presence of UVA-visible light generate an increase in the 
amount of protein cross-linking compared to the samples maintained in the dark.

Using densitometry, it was possible to assess the increased cross-linking in the 
samples exposed to UVA-visible light during the incubation. The cross-linking was 
estimated by considering all the fractions above 37 kDa. The following quotients 
were obtained: (cross-linking)3Dhυ /(cross-linking)3D = 1.04; (cross-linking)6Dhυ /
(cross-linking)6D = 1.16 and (cross-linking)9Dhυ /(cross-linking)9D = 1.35. When the 
protein samples were incubated in the dark or exposed to light in the absence of 
ASA, no significant modification of the electrophoretic patterns was observed. The 
fact that both irradiated and nonirradiated samples were characterized by the same 

Fig. 14.7  SDS-PAGE profiles of bovine eye lens proteins (10 mg/mL) incubated during 0, 3 and 
9 days at low oxygen concentration with ASC (3 mM). The samples were incubated in the absence 
and presence of UVA-visible light (3, 6, 9 and 3hυ, 6hυ, 9hυ, respectively). Lane 1 corresponds to 
a molecular weight marker. Reproduced from Photochem. Photobiol Sci. 2010, 9: 1351-1358 by 
permission of The Royal Society of Chemistry (RSC) for the European Society for Photobiology, 
the European Photochemistry Association, and the RSC
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decrease in amino group content and a similar rate of ASA consumption indicates 
that the additional cross-linking cannot be associated with an extended process of 
ascorbylation accompanied by protein aggregation. The nonoccurrence at 9 days of 
additional protein cross-linking when the samples were incubated under exposure to 
UVA-visible light in the absence of ASA indicates that colored AGEs bound to pro-
tein, which could be present in the high molecular weight aggregates, do not have 
photosensitizing capacity to induce these types of photo-processes (Fig. 14.7, lane 2). 
This result is in agreement with previously reported results [73]. Notwithstanding 
the fact that AGEs are efficient sensitizers of ASA photoconversion [29, 63], in this 
work, an increase in the decomposition of ASA was not observed as a consequence 
of the light because the rate of AGE formation was significantly slower than that of 
the ASA decomposition rate, which mainly occurs within the first 24 h of incuba-
tion. The photosensitizing capacity of other chromophores in the reaction medium, 
unrelated to AGEs and arising from the decomposition of ASA in secondary reac-
tions, can explain the initially small but continuously increasing protein cross-link-
ing over time, when the incubations were performed under UVA-visible light. In 
concordance with this assumption, protein cross-linking and oxidation were 
observed when colored solutions of ASA, obtained after 3, 6, and 9 days incubation 
of at 37 °C, were used as photosensitizers [85].

Scheme 14.2 summarizes the main chemical and photochemical processes that 
occur when bovine eye lens proteins are incubated in the presence of ASC at low 
oxygen concentration and maintained in the dark or exposed to UVA-visible light.

Scheme 14.2  Blue arrows show the chemical processes that occur during the incubation of bovine 
eye lens proteins with ASC in the dark. When the same experiment was repeated by exposing the 
incubation mixture to UVA-visible light, the occurrence of photochemical processes was observed 
(red arrows) in addition to the reactions that occurred in the absence of light (blue arrows). The experi-
ments were performed at 37 °C, in phosphate buffer (pH 7.4), under low oxygen pressure (5 % O2)
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14.5  �Age-Dependent Protein Modifications and Declining 
Proteasome Activity in the Human Lens

The ocular lens is made up of approximately 60 % water and 38 % proteins [22, 86], 
which constitute almost 35 % of the wet weight of the organ and 100 % of the total 
dry weight. These proteins are called lens crystallins. The lens is characterized by a 
low molecular oxygen concentration because it lacks vascularization, and it is also 
characterized by a reduced cellular exchange [56, 86]. This type of environment 
leads to the accumulation of the modifications suffered by its structural components 
throughout the lifetime, which eventually leads to the aging of the organ and, in 
certain cases, the formation of cataracts [22].

In the aged lenses, higher molecular weight proteins tend to accumulate. The 
amount of these products increases as the individual gets older [87, 88].

Once synthesized, all cellular proteins of an organism have a certain lifetime and, 
therefore, are continuously degraded to their constituent amino acids. The lack of pro-
tein turnover in the central region of the lens causes an increase in the concentration of 
oxidation-modified crystallins because the greater lifetime of proteins in this zone 
increases the possibility that they undergo chemical modifications and oxidative stress 
[88–90]. The external part of the lens is protected by a large number of antioxidant 
enzymes, but these mechanisms are reduced in the core of the lens [91].

The damaged proteins must be repaired or degraded because the accumulation of 
such material is associated with malfunctioning of cells, tissues, and organs. In 
addition, oxidative stress, to which the eye lens is permanently exposed, is one of 
the causes for the aging of cellular components; in addition, several diseases [92], 
including cataract [93] formation [94], have been related to oxidative stress [95]. 
The identification and degradation of these proteins are fundamental mechanisms of 
cellular defense, and the proteasome is the main proteolytic complex that performs 
this cleaning process [96]. Proteasomes are enzymatic complexes of high molecular 
weight that are widely distributed in the cytosol as well as in the nucleus of the cell 
[97]. The proteins that are prone to be degraded by the proteasome must present one 
or more of the following characteristics [98]: (1) are oxidized and, consequently, are 
toxic for the cell; (2) are incorrectly assembled and, therefore, incapable of fulfilling 
their functions properly, and (3) have a short lifetime, which applies to the great 
majority of intracellular proteins [99]. This latter fact implies that the proteasome is 
involved in the regulation of the cellular cycle in plants and animals because it 
directly modulates the activities of other proteins within the cell [100]. Therefore, 
the proteasome is involved in functions that are absolutely necessary for cellular 
growth and viability. In mammalian cells, the 20S proteasome is constituted by four 
stacked heptameric rings that form a hollow cylinder. Each ring consists of seven 
different subunits that belong to two families, α and β, that are located in the outer 
and inner part of the cylinder, respectively [97]. Two activators, named 19S and 
11S, can bind the 20S proteasome on each side of the cylinder and give rise to dif-
ferent complexes [96]. The 26S proteasome, which consists of the 19S and 20S 
particles, degrade proteins in a ubiquitin-dependent and ATP-dependent manner 
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[101]. Most of the substrates that are degraded by proteasomes, especially proteins 
with short half-lives, must be tagged for their degradation by the addition of a poly-
ubiquitin chain [102]. Ubiquitin is a 76-residue peptide that is present in eukaryotic 
cells [103]. Ubiquitin binds covalently to proteins through a highly regulated 
energy-dependent process [104]. The number of ubiquitin units that bind to the 
protein as a chain is not constant, and it is thought that the length of the polyubiqui-
tin chain helps to fix the proteins to the proteasome entrance for the time necessary 
to denature it completely and, thus, prepare it for complete degradation.

The number of pathologies derived from alterations of proteasome activity and 
the consecutive failure in the intracellular protein degradation is considerable. In 
fact, the accumulation of damaged proteins that would be degraded under normal 
conditions is a common characteristic of several neurodegenerative diseases [105], 
such as Parkinson’s [106, 107] and Alzheimer’s disease [108, 109]. In addition, 
aging is accompanied by an alteration of the cellular metabolism that leads to oxi-
dized protein accumulation and cross-linking and a reduction in some enzymatic 
activities [110, 111]. The molecular basis of the less efficient protein degradation 
related to aging is still uncertain, but it is suspected that the proteasome impairment 
that occurs with age is somehow related to a less efficient control of the intracellular 
protein turnover.

Several studies have concluded that proteins are susceptible to oxidative damage, 
which alters their proteolytic susceptibility. These findings demonstrate that mild 
oxidative damage increases proteolytic degradation, whereas extensive oxidative 
damage causes decreased proteolysis due to cross-linking, aggregation, and decreased 
solubility [112, 113]. It has been demonstrated that the inhibition of the proteolytic 
activity of the proteasome causes an increase in the amount of oxidized proteins in 
several cell types, which is also found in cataractous lenses. Several studies aimed at 
determining a proteasome activity status in aged individuals have suggested a cor-
relation of the two phenomena, which would explain the accumulation of oxidized 
proteins in the aged [114–117]. More recent studies of proteasome activity in kerati-
nocytes showed that the reduction of the proteolytic activity could be related to a 
decrease in the cellular proteasome content [118]. It has also been demonstrated that 
the proteolytic activity of the proteasome in a cataractous eye lens epithelium is 
lower compared to that of cells obtained from healthy lens epithelium [116].

A systematic comparative study of the modifications that occur in eye lens pro-
teins, as a function of AGEs, and the effect that they have in the amount, integrity, 
and functionality of the proteasome have been performed [119]. For this purpose, 
soluble and insoluble protein fractions of human lenses corresponding to various 
age groups were characterized in terms of their levels of glyco-oxidative damage 
(Figs.  14.8a, b and 14.9a, b). The data obtained on water-insoluble (previously 
solubilized using a hydrolytic treatment) and -soluble proteins (Figs. 14.9 and 14.8, 
respectively) showed that an increase in the anti-AGE and anti-carboxymethyllysine 
(CML) immunoreactivity occurred as a function of age, which is consistent with 
previous results [120]. In the lens fibers, the generation of CML arises as an end 
product of the reaction resulting from either the oxidative degradation of the 
Amadori product or the reaction between oxidative degradation products of glucose 
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Fig. 14.9  SDS-PAGE and Western blot analyses of peptides from the water insoluble lens fraction. 
Lane 1 corresponds to pre-stained molecular-weight markers. The various age groups are marked 
on each of the other lanes. (a) SDS-PAGE data on the insoluble proteins from human eye lenses of 
individuals from various age-groups. (b) Western blot of the insoluble proteins of human eye lenses 
corresponding to various age-groups, obtained using anti-CML polyclonal antibodies. Reproduced 
from Arch. Biochem. Biophys. 2004, 427: 197-203 with permission from Elsevier Inc

Fig. 14.8  SDS-PAGE and Western blot analyses of the lens proteins from the water soluble fraction. 
Lane 1 corresponds to pre-stained molecular-weight markers. The different age groups are marked 
for each of the other lanes. (a) SDS-PAGE of the total soluble proteins of human eye lenses grouped 
by age. (b) Western blot of the total soluble proteins of human eye lenses grouped by age using anti-
N-epsilon-carboxymethyllysine (CML) polyclonal antibodies. (c) Western blot of the soluble pro-
teins of human eye lenses grouped by age using anti-ubiquitin (Ub) polyclonal antibodies. 
Reproduced from Arch. Biochem. Biophys. 2004, 427: 197-203 with permission from Elsevier Inc
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or ASC. CML has been identified as a good molecular indicator of the aging process 
in many tissues and has been reported to accumulate during degenerative processes, 
such as those involved in the development of cataracts, arthritis, atherosclerosis, and 
Alzheimer’s disease. The protein hydrolysates of the water-insoluble protein frac-
tion showed that increasingly high molecular weight peptides were present as a 
function of age (Fig. 14.9a). This finding could indicate the presence of increasing 
covalent cross-links in the proteins. In the soluble fraction, it was found that anti-
CML reactivity is mainly associated with high molecular weight proteins. These 
findings suggest that glyco-oxidation reactions may contribute directly to the aggre-
gation process during aging.

Lens fibers and lens epithelial cells have a completely functional ubiquitin-
proteasome pathway, although the protein levels and the activities of the protein 
components decrease in the inner region of the lens [121]. Because most of the 
substrates that are degraded by 20S proteasomes must be tagged for degradation by 
a polyubiquitin chain [122], it was of interest to determine the presence of and 
monitor the fate of ubiquitinated proteins in the eye lens as a function of age. A 
decrease in the free ubiquitin and high molecular weight ubiquitin-protein conju-
gate content was found to occur with age, as well as an increase in the 30 kDa frac-
tion, possibly corresponding to the crystalline subunits (Fig. 14.8c). Ubiquitinated 
proteins were present in the lenses of the youngest age group(s), but only the high 
molecular weight proteins were found in relatively small proportions; these proteins 
were simultaneously reactive to anti-CML. Taken together, these findings suggest 
that these proteins cannot be degraded by the proteasome. In addition, they may 
undergo further cross-linking over time, resulting in their insolubilization, and they 
may therefore gradually disappear from the soluble fraction with age. However, the 
proteasome seems to efficiently degrade low molecular weight crystallins, as indi-
cated by the absence of anti-CML reactivity (Fig.  14.8c, lane 2). The increased 
levels of low molecular weight ubiquitinated crystallins with age (Fig. 14.8c) con-
stitute an efficient functional response of the ubiquitin system to the increasing 
crystalline glyco-oxidation (Fig. 14.2b), despite the decrease in the rate of proteoly-
sis of the proteasomes present in the human lens soluble fraction (Fig. 14.10). This 
loss of activity can be expected in view of the decreasing proteasome levels observed 
in the lenses of the various age groups. In a previous report, no correlations between 
proteasome activity and age were observed, but these results were based mainly on 
lenses with cataracts and included only three clear lenses of elderly individuals 
[117] and, therefore, cannot be compared with the results reported in this chapter. 
The decrease in the proteasome concentration may partly reflect a decrease in the 
rate of damaged protein elimination. In addition, the efficiency of the proteasome 
activity also seems to be affected by age, at least as far as the peptidylglutamyl-
peptide hydrolase activity is concerned.

Using an anti-CML immunoaffinity column and an anti-20S antibody, the presence 
of the 20S proteasome was detected in the bound fraction, indicating that the protea-
some itself had undergone glyco-oxidation. This observation might, therefore, explain 
the alteration of its proteolytic activities. Interestingly, minimal modification of the 
proteasome was observed in the sample from the youngest age group (Fig. 14.11). 
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Fig. 14.11  Western blot detection of the proteasome in lens soluble fraction before and after separa-
tion of the CML-modified proteins. (a) Western blot of the total soluble fraction of human eye lens 
of individuals from different age groups using anti-20S polyclonal antibodies. Lane 1 corresponds to 
pre-stained molecular-weight markers. The different age groups are marked for each of the other 
lanes. (b) Western blot of the total CML-modified soluble proteins of human eye lens of individuals 
from different age groups using anti-20S. The CML-modified proteins have been previously isolated 
using an immuno-affinity column prepared with CML-antibodies. Lane 1 corresponds to 20S protea-
some standard. Both Western blot experiments reported in (a) and (b) were performed twice. 
Reproduced from Arch. Biochem. Biophys. 2004, 427: 197-203 with permission from Elsevier Inc

Fig. 14.10  Decrease of chymotrypsin-like, peptidylglutamyl-peptide hydrolase, and trypsin-like 
activities of the proteasome present in human eye lens soluble fraction. The activities are expressed 
as the percentage of the value obtained for the youngest sample. For each activity, measurements 
were performed in triplicate in two separate experiments. Error bars indicate the standard error 
obtained using the Student t test and a significant difference (p < 0.05) with the activity of the 
youngest sample is marked with an asterisk. Reproduced from Arch. Biochem. Biophys. 2004, 
427: 197-203 with permission from Elsevier Inc.
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This finding suggests that proteasomes, as well as the other proteins in the eye lens, 
may undergo glycation and/or glyco-oxidation reactions that result in both structural 
and functional changes. Together with the decrease in the proteasome content, the 
drop in the proteolytic activity of this enzymatic complex may therefore contribute to 
the age-related accumulation of modified proteins in the lens. Furthermore, oxidated 
proteins are known to be suitable substrates for the proteasome, but they are also able 
to act as proteasome inhibitors when they are greatly modified [123]. Cross-linked 
proteins resulting either from prolonged oxidation or from reactions with lipid peroxi-
dation products, such as 4-hydroxy-2-nonenal, have previously been reported to inhibit 
proteasomes [113, 124–126]. Therefore, these inhibitory proteins, as well as glycated 
cross-linked proteins, may also participate in the age-dependent decrease in protea-
some activity observed in the human lens.

Wagner and Margolis have previously reported that the 20S proteasome partially 
purified from bovine lens exhibited an age-related decrease in both the trypsin-like 
and peptidylglutamyl-peptide hydrolase activities, whereas the chymotrypsin-like 
activity was only slightly affected [127]. The reason we observed a more pro-
nounced age-related decrease in the peptidylglutamyl-peptide hydrolase activity in 
the human lens may be because it is more susceptible to inactivation by oxidative 
processes [128]. In addition, this peptidase activity was also found to be more sensi-
tive to inactivation in the treatment of human dermal fibroblasts with the glycating 
agent, glyoxal, although this was not found to be the case when glyoxal treatment 
was applied to the 20S proteasome in vitro [129].

14.6  �Photosensitized Reactions Mediated by the Major 
Chromophore Arising from Glucose Decomposition 
Result in the Oxidation and Cross-Linking of Lens 
Proteins and Activation of the Proteasome

Although numerous colored products derived from the Maillard reaction have been 
identified in the lens during aging and in diabetic patients [130] the photochemical 
contribution of the degradation products of glucose has not been addressed.

In this chapter, a novel glucose-derived chromophore found after in vitro glucose 
decomposition but also in the water-soluble fractions of the human eye lens from 
cataractous patients is discussed. This chromophore, named GDC, possesses strong 
photosensitizing properties leading to increased protein oxidation, protein cross-
linking, and the activation of the proteasome activity upon UVA irradiation at low 
oxygen concentrations.

GDC can be detected in vitro after long periods (10 days or more) of glucose 
incubation in phosphate buffer in the presence of trace amounts of metal [131].

When solutions incubated with glucose were analyzed by HPLC-MS, using 
detection by total ion current (TIC), four peaks with different retention times were 
observed. The colored compound (λMax = 365 nm), which was purified several times 
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by size-exclusion chromatography, showed representative mass spectra peaks at 
453, 385, 317, 249, 181, and 113 m/z (Fig. 14.12). The mass spectra and the frag-
mentation of this chromophore correspond to a molecular ion of 68 m/z, which is in 
agreement with the loss of one furan unit. The same loss of the molecular ion of 
68 m/z was observed five times along the consecutive fragmentation pattern, sug-
gesting the presence of 5 furan units in the structure of GDC. These results are in 
agreement with previously published data on a glucose-derived degradation product 
that contains furan units [132, 133]. There is a wide variety of furan precursors 
because this product can be generated by the degradation and/or recombination of 
smaller fragments [134].

Although the process of GDC formation is rather slow, it is relatively faster com-
pared to the reaction between glucose and the ε-amino groups of Lys or the guani-
dinium groups of Arg residues in eye lens proteins. In fact, when eye lens proteins 
at a concentration of 10 mg/mL were incubated at 37 °C in the presence of glucose 

Fig. 14.12  Chemical characterization of a chromophore derived from glucose decomposition. (a) 
Absorption spectra of glucose solutions after 10, 20 or 30 days of incubation. Glucose solutions 
(30 mM) in buffer phosphate (100 mM, pH 7.4) were bubbled with oxygen at 5 % during 30 min 
and then sealed in order to keep the low oxygen concentration. The incubations were performed at 
37 °C, in sterile conditions. (b) HPLC-MS elution profiles of glucose solutions (30 mM) after 30 
days of incubation at low oxygen concentration and pH 7.4. (c) HPLC profiles of the fraction previ-
ously purified through a Sephadex G-15 column and analyzed by MS detection using detection by 
total ion current (TIC). The inset shows the chromatogram analyzed by absorption spectroscopy 
(365 nm). (d) Negative electrospray ionization mass spectra of the glucose-derived chromophore. 
The inset table shows the fragmentation of each one of the peaks observed in the spectra. Reproduced 
from Biochim. Biophys. Acta 2012, 1822: 564-572 with permission from Elsevier B.V.
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(30 mM) at a low oxygen concentration (5 %), the first chemical modifications (in 
terms of loss of amino groups) appear at times significantly longer than 10 days. 
The slow rate observed for the Schiff base production has been directly linked with 
the low amount of the open-chain form of glucose because this monosaccharide is 
found mainly as a cyclic structure formed by an intramolecular hemiacetal in aque-
ous solutions [135].

The generation of a colored compound during the decomposition of glucose 
in vitro has motivated research to assess the presence of this derivative in the water-
soluble fractions derived from human cataractous lenses. The size-exclusion chro-
matography (Sephadex G-15) analysis of these fractions, obtained from normal and 
cataractous human eye lenses, indicated the presence of three components with 
absorption peaks at 280 nm (Fig. 14.13a, c). In both cases, the first fraction (I) con-
tained water-soluble eye lens proteins, and the presence of coloration in the UVA-
visible region was observed in cataractous lenses (Fig. 14.13d). Fractions II and III 
do not contain proteins (Fig.  14.13b, d); however, a defined band centered at 
approximately 365 nm in fraction II was found to be decreased in cataractous lenses 
(Fig. 14.13d). Fraction III presents a maximum near 260 nm and does not absorb in 

Fig. 14.13  Size exclusion chromatogram for normal and cataractous human eye lens. Elution 
profiles analyzed at 280 nm, of the water-soluble human eye lens proteins from normal (a) and 
cataractous (c) individuals, fractioned on a Sephadex G-15 column. The absorption spectra of the 
fractions I, II and III shown in (a) and (c) are indicated in (b) and (d), respectively. Reproduced 
from Biochim. Biophys. Acta 2012, 1822: 564-572 with permission from Elsevier B.V.
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the UVA region, which is similar to the spectral properties of ASC. The analysis of 
the elution profile after reversed-phase chromatography of fraction II obtained from 
cataractous lenses (Fig. 14.14a) and from the glucose solution incubated for 30 days 
at 37 °C in the dark, under a 5 % oxygen atmosphere, indicates that one of the com-
ponents found in the cataractous lenses has the same spectrum as GDC (Fig. 14.14b, 
inset B-1). These results suggest that autoxidative pathways contribute to lens fiber 
aging, not only through protein glycation but also by the generation of a chromo-
phore that could exacerbate in vivo photosensitized reactions. Recently, it has been 
found that the ASC oxidation, in the presence or absence of proteins, generates a 
chromophore with the same spectral and chromatographic properties as GDC [85].

To study the photosensitizing capacity of GDC, BLPs were used as a photo-
chemical target. The irradiation of BLPs in the presence of GDC at a low oxygen 
concentration resulted in increased protein cross-linking and extensive protein oxi-
dation, which is in agreement with the behavior that we have previously reported in 
aged lenses (Fig. 14.15a, b) [119]. No changes were observed in samples incubated 
in the dark (lane 1) or in those exposed to UVA-visible light (lane 3), indicating that 
BLPs are not sensitive to the irradiation conditions used in this experiment. However, 
the occurrence of protein cross-linking (Fig. 14.15a, lane 2), increased protein car-
bonylation (Fig. 14.15b, lane 2), and the decreased protein levels of the beta 5 pro-
teasome catalytic subunit present in BLP extracts (Fig. 14.4d, lane 2) were observed 
in samples containing the GDC. No changes in the protein levels of the 20S protea-
some alpha 2 subunit were observed (Fig. 14.15c, lane 2).

The effect of GDC-mediated photosensitization reactions on the 20S proteasome 
present in the BLP mixture has also been addressed. An increased chymotrypsin-
like peptidase activity in the proteasome was observed in the presence of GDC upon 
irradiation. Proteasome activity was increased more than eight and fourfold at 5 % 
and 20 % oxygen, respectively (Table 14.3). To explain the differences between 
both irradiated systems, follow-up experiments were carried out using D2O as a 
solvent, which is known to increase the lifetime of singlet oxygen [136]. Samples 
irradiated under 5 and 20  % atmospheres were characterized by a significant 
decrease of the proteasomal chymotrypsin-like activity, indicating a deleterious 
effect of singlet oxygen on proteasome activity. Previous studies on skin fibroblasts 
treated with UVA showed a decrease in proteasome activity, which was correlated 
to 1O2 formation because NaN3, a potent quencher of 1O2, prevented the decline of 
the proteasome activity [137]. A continuous increase of the ratio 
enzymatic activity enzymatic activity

H O D O( ) ( )
2 2
/  was observed over time for both 

oxygen concentrations. These results suggest that the species generated by Type I 
and Type II mechanisms have opposite effects on proteasome activity, with Type I 
functioning as a positive activator, whereas Type II mechanisms lead to the impair-
ment of proteasome function. The observed activation of the chymotrypsin-like 
activity in the proteasome may be due to the conversion of latent 20S proteasomes 
into their active form, as previously described [138]. In addition, an increased sus-
ceptibility of the irradiation-activated proteasome was observed in the presence of 
GDC to thermal inactivation, in agreement with results that had been previously 
reported [139]. Taken together, these data suggest that Type I photo-processes medi-

E. Silva et al.



265

10,0

a

b

7,5

5,0

A
bs

or
ba

nc
e 

(m
A

U
)

A
bs

or
ba

nc
e 

(m
A

U
)

2,5

0

60

40

20

0

0 2 4 6 8 10

0

20

40

400

0

20

40

60

380360340320300

0

20

40

A
bs

or
ba

nc
e 

(m
A

U
)

Wavelength (nm)

60

300 320 340
Wavelength (nm)

a-2

b-1

a-1

A
bs

or
ba

nc
e 

(m
A

U
)

A
bs

or
ba

nc
e 

(m
A

U
)

360 380 400

300

10,0

7,5

1

5,0

2,5

4

2

2

0

4

2

0

10,0

7,5

5,0

2,5

320 340
Wavelength (nm)

360 380 400

60

0 2 4 6
Time (min)

Time (min)

8 10

0

2,5

5,0

7,5

10,0

Fig. 14.14  HPLC chromatogram for cataractous human eye lens (fraction II) and comparison 
with the glucose-derived chromophore. Reverse-phase HPLC chromatogram at 365  nm absor-
bance for the fraction II of Fig. 14.13c (a). (b) Represents the reversed-phase HPLC chromatogram 
at 365 nm absorbance for a glucose solution previously incubated during 30 days at 37 °C in the 
dark, under 5 % oxygen atmosphere, in buffer phosphate 100 mM, pH 7.4. The insets show the 
absorption spectra of the fractions shown in the chromatogram. Reproduced from Biochim. 
Biophys. Acta 2012, 1822: 564-572 with permission from Elsevier B.V.
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ated by GDC induce conformational changes in the proteasome, thus explaining the 
enhanced peptidase activity observed. Interestingly, an increase in low molecular 
weight crystallin peptides has been reported in human eye lenses during aging and 
cataractous disease [140, 141], this fact is especially important in the nuclear region 
[142, 143]. The origin of these peptides in vivo is still uncertain. However, it has 
been postulated that they could arise as a result of the unregulated proteolysis of 
crystallins and nonenzymatic mechanisms [144]. This fact highlights the relevance 
of studying the proteolytic mechanisms involved in human nuclear cataracts and 
their regulation by photosensitized mechanisms.

Fig. 14.15  Protein oxidation and proteasome levels within BLP irradiated in the presence or 
absence of the glucose-derived chromophore. SDS-PAGE (a), Oxy-Blot (b) and Western-Blots 
corresponding to 20S proteasome subunits α-2 (c) and β-5 (d), of native BLP (lanes 1), BLP previ-
ously irradiated with UVA-visible light during 1 h, in the presence (lanes 2) or absence (lanes 3) 
of colored glucose decomposition product. Reproduced from Biochim. Biophys. Acta 2012, 1822: 
564–572 with permission from Elsevier B.V.

Table 14.3  Proteasome chymotrypsin-like peptidase activity after photosensitized reactions 
mediated by glucose-derived chromophore

Irradiation time 
(min)

Irradiation at 5 %O2 Irradiation at 20 %O2

Activity H2O 
(rfu/min)

Activity D2O 
(rfu/min)

Activity H2O 
(rfu/min)

Activity D2O  
(rfu/min)

0 67 ± 14 46 ± 6 67 ± 14 46 ± 6
20 320 ± 8 37 ± 16 201 ± 14 24 ± 4
40 402 ± 21 35 ± 11 218 ± 54 16 ± 5
60 452 ± 34 15 ± 15 199 ± 12 9 ± 10

Reproduced from Biochim. Biophys. Acta 2012, 1822: 564-572 with permission from Elsevier 
B.V.
rfu/min relative fluorescence units/min. The experiments were performed at two different oxygen 
concentrations (5 and 20 %) and using H2O and D2O
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14.7  �Concluding Remarks

The eye lens is a tissue permanently exposed to UVA-visible light and is therefore 
prone to be affected by the occurrence of photochemical modifications involving the 
crystalline proteins, which are its main constituents. Because the native crystalline 
is transparent, photosensitizers are required to induce photochemical processes. 
With age different chemical modifications occur, one of which involves reactions 
between the proteins and different glycating compounds, which gives rise to colored 
advanced glycation end products (AGE), which have the properties of sensitizers in 
the UVA-visible region. These compounds can act through a Type I radical medi-
ated and/or a Type II oxygen-mediated photosensitizing mechanism. The Type I 
mechanism in particular is very important in the eye lens considering the low oxy-
gen concentration that is present in this tissue. AGE models generated by the incu-
bation of basic amino acids and sugars induce oxidative modifications and 
cross-linking of the eye lens proteins when irradiated with UVA-visible light under 
conditions of low oxygen concentration. When AGEs are generated using the lens 
proteins as the target of the glycation and the colored proteins are then exposed to 
UVA-visible light, oxidative processes are observed in the immediate vicinity of the 
sensitizer, but no cross-linking occurs under these conditions. Colored compounds 
produced during the decomposition of ASC and glucose have been isolated and 
used as sensitizers. They have the property of inducing an increase in the amount of 
carbonyl groups and of cross-linking the eye lens proteins when they are irradiated 
with UVA-visible light at low oxygen concentrations. A similar chromophore is 
found in cataractous human eye lenses.

An increase in the UVA-visible absorption of the eye lens proteins of humans is 
observed with increasing age and this coloration is extremely high in patients with 
cataracts.

The soluble and insoluble protein fractions of these human lenses from the vari-
ous age groups show an increased glycol-oxidative damage with age, as measured 
on the basis of anti-carboxymethyl-lysine immune reactivity. Concomitantly, 
decreases in the proteasome contents and the peptidase activities are observed in the 
water-soluble fraction. An increased proteasome peptidase activity is observed 
when lens proteins are exposed to UVA-visible light under low oxygen concentra-
tion in the presence of a colored glucose decomposition product. However, the use 
of D2O results in decreased proteasome activity, suggesting that singlet oxygen pro-
motes the impairment of proteasome activity.

Taken together, the data presented in this chapter suggest that a colored, low 
molecular weight compound formed via the decomposition of glucose and ASC 
produces both oxidation and protein cross-linking in a manner analogous to that 
which occurs in vivo in the eye lens.
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    Chapter 15   
 p53 Regulates Developmental Apoptosis 
and Gene Expression to Modulate Lens 
Differentiation 

             Xiang-Cheng     Tang    ,     Fang-Yuan     Liu    ,     Zhong-Wen     Luo    ,     Weike     Ji    ,     Xiao-Hui     Hu    , 
    Wen-Feng     Hu    ,     Zhao-Xia     Huang    ,     Zhengfeng     Wang    ,     Zachary     Woodward    , 
    Yi-Zhi     Liu    ,     Quan     Dong     Nguyen    , and     David     Wan-Cheng     Li    

15.1             Introduction 

 Since Spemann initiated the study on lens development in the beginning of the 
twentieth century [ 1 ], the eye lens has been one of the best models for the investiga-
tion of tissues induction and exploration of the molecular mechanisms mediating 
development under control by different transcription factors [ 2 – 4 ]. One of such 
transcription factors is p53, which was initially discovered by the British scientist, 
David Lane [ 5 ], and later was proved to be a tumor suppressor [ 5 – 8 ]. As a tumor 
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suppressor, p53 has been one of the most extensively studied proteins in the past 
three decades [ 9 – 19 ]. P53 has been proven to be “the guardian of the genome” [ 8 ], 
acts as a master regulator of apoptosis [ 20 – 23 ] and can control cell cycle progression 
[ 24 ,  25 ]. In addition, numerous studies have shown that the p53 plays an essential 
role in regulating differentiation of various types of cells including muscle cells [ 26 , 
 27 ], B-cell [ 28 ], and erythrocytes [ 29 – 31 ]. More recently, our laboratory and sev-
eral others have shown that p53 can regulate lens differentiation via control of 
developmental apoptosis and also lens-specifi c gene expression. This chapter 
 summarizes these recent studies.  

15.2     Development of the Vertebrate Eye Lens 

 In vertebrates, the eye lens is derived from the ectoderm in the brain region. Under 
the induction of the optic vesicle (forming future retina), the ectoderm above the 
optic vesicle thickens to form the lens placode and then invaginate into a lens pit 
together with the optic vesicle. The lens pit is further deepened and then detached 
from the ectoderm to become a lens vesicle [ 32 – 36 ], which contains a monolayer 
of lens epithelial cells. Once the lens vesicle is formed, the epithelial cells in the 
posterior end undergo differentiation marked by cell elongation, and synthesis of 
different families of lens crystallins. These cells eventually occupy the hollow lens 
vesicle and become primary lens fi ber cells. As development proceeds, lens growth 
continues. The epithelial cells at the subequatorial region divide, migrate to the 
lens equatorial region, and undergo differentiation, which is marked by cell elonga-
tion, loss of cellular organelles, and eventual denucleation, forming an organelle-
free zone (OFZ) [ 32 – 36 ]. During this process, p53 plays key roles, which are 
described below.  

15.3     P53 Knockout Leads to Cataractogenesis 

 Donehower et al. have demonstrated that homozygous p53-defi cient mice appear to 
develop normally but are highly susceptible to spontaneous tumors [ 37 ]. This result 
somehow brought in a wrong prevalent view that p53 has no function in eye devel-
opment. In the later studies, Ikeda compared two different strains of p53-defi cient 
mice and found that the eyes are abnormal in adult B6 mice though the eyes in 129/
Sv mice seem to be normal [ 38 ]. After a careful examination of adult mouse eyes 
from p53-defi cient mice with ophthalmic scope, Reichel et al. revealed a high 
frequency of cataracts [ 39 ]. Thus, it is clear that p53 plays important functions 
during eye lens development.  
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15.4     p53 Is Expressed During Lens Development 

 In our previous study, we examined the expression level of the p53 during mouse 
eye development [ 40 ]. The expression of p53 was clearly detected in retina, lens, 
and cornea at stage 14.5 ED. The expression level becomes gradually increased in 
the corresponding eye tissues as development moves from 14.5 ED to 17.5 ED. From 
17.5 ED to newborn mouse, p53 became decreased in the lens fi ber cells but remains 
relatively stable in the epithelial cells. These results are consistent with those 
reported by others [ 41 ,  42 ] where it was found that p53 is expressed in the lens 
epithelial cells of the central and pre-equatorial zones and in the bow region of lens 
fi bers. In a more detailed study by Geatrell et al. on spatiotemporal expression pat-
terns of Mdm2, p53, and Mdm4/X during various stages of lens development and 
on the comparison of the expression patterns of p53 in both mouse and chick, they 
concluded that p53 plays a role during eye lens development [ 43 ].  

15.5     p53-Dependent Apoptosis Plays an Important Role 
During Lens Development 

 Cell death in lens was described as “mitotic metabolites” in 1900s [ 44 ]. Later, 
Glucksmann (1951) systematically summarized cell death at various stages of the 
lens formation: before and during lens ectoderm invagination, during detachment of 
the lens vesicle from the ectoderm, and in the process of regression of peridemal 
plug [ 45 ]. In 1973, Silver and Hughes described this cell death as cell degeneration 
and use the term “necrotic center” [ 46 ], which is quite similar to the concept of 
apoptosis described by Kerr, Wyllie, and Currie [ 47 ]. In 1990s, with the develop-
ment of modern cell biology technologies “in situ terminal deoxynucleotidyl trans-
ferase (TdT)-mediated dUTP nick-end labeling (TUNEL)” [ 48 ], the existence of 
apoptosis and its possible role during lens development were unequivocally con-
fi rmed [ 49 ], whether this apoptosis is p53 dependent or not remains to be elusive. 

 In their transgenic mouse study, DePinho’s group found that  Rb -defi cient can 
cause unchecked proliferation, impaired expression of differentiation markers, and 
eventual inappropriate apoptosis of these lens cells [ 50 ]. While in embryos with 
dual null in Rb and p53, the observed apoptosis was completely suppressed. This 
result clearly showed that apoptosis derived from Rb-defi cient lenses is p53 depen-
dent. About the same time, through overexpression of the viral protein E6, Griep’s 
group also confi rmed that inactivation of p53 lead to cataractogenesis [ 51 ] and 
moreover, they also confi rmed that inactivation of Rb in lens by overexpression of 
viral protein E7 caused apoptosis of lens epithelial cells which was largely p53 
dependent [ 51 ,  52 ]. Nakamura et al. generated mouse models expressing exogenous 
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wild-type or mutant p53 [ 53 ,  54 ] and found that overexpression of wild-type p53 
mice develops microphthalmia as a result of the defect in fi ber formation due to 
p53-dependent apoptosis of the differentiating lens cells. On the other hand, the 
mutant p53 transgenic mice display a faint central cataract caused by the presence 
of remnants of fi ber cell nuclei (incomplete differentiation). This group also gener-
ated a double transgenic mice expressing exogenous wild-type and mutant p53 at 
the same time. Interestingly, the transgenic mice expressing both the wild-type and 
the mutant human p53 gene product display normal lens phenotypes. Together these 
results suggest that p53-dependent apoptosis is crucial for crafting the lens, and 
moreover, the tumor suppressor plays an important role during lens denucleation. In 
addition, these results demonstrated that the mutant p53 allele can interfere with the 
apoptotic function of the wild-type product but not with its ability to activate p21 
and MDM2, this result is consistent with later observations that p53-dependent 
apoptosis does not require transcriptional activation of a number of downstream 
genes [ 55 ,  56 ]. The most direct evidence that p53-dependent apoptosis causes lens 
pathology is derived from the study by Hettmann et al. [ 57 ]. In their CREB-2 knock-
out study, they found lens development occurs between ED12.5 and ED14.5 in 
CREB-2(−/−) mice. These mice also displayed normal formation of the early lens 
vesicle, normal elongation of posterior primary fi ber cells, and normal formation of 
the anterior lens epithelial cells. However, the anterior lens epithelial cells and their 
direct descendants at the equatorial poles of the lens underwent massive and syn-
chronous p53-dependent apoptosis between ED14.5 and ED16.5, causing complete 
degeneration of the embryonic lens, and eventual microphthalmia in these animals 
[ 57 ]. The nuclear receptor coactivator 6 (NCOA6) seems to support lens differentia-
tion by suppressing apoptosis. Cvekl’s group recently showed that overexpression 
of the N-terminal fragment of NCOA6, an 81-amino acid LXXLL motif, caused 
both p53-dependent and p53-independent apoptosis and eventual cataract formation 
[ 58 ]. In a more recent p53 deletion study [ 58 ], it was found that p53 knockout alone 
increased the number of fi ber cells that failed to withdraw from the cell cycle, these 
cells improperly proliferate and migrate to the posterior end of the lens and caused 
phenotype resembling posterior subcapsular cataracts. Thus, p53-dependent apop-
tosis can protect the lens against posterior subcapsular cataract formation by sup-
pressing the proliferation of fi ber cells [ 59 ].  

15.6     The Signaling Pathway Components Mediating 
p53- Dependent Apoptosis in Lens 

 As a master regulator of apoptosis in different cells, p53 regulates apoptosis 
through two different mechanisms. First, it acts as a transcriptional factor to regu-
late expression of many genes involved in apoptosis [ 60 – 70 ]. Second, it can be 
localized in mitochondria where it antagonizes the anti-apoptotic ability of Bcl-2 
and Bcl-XL [ 71 ]. 

 In the adult lens, we have previously demonstrated that stress-induced apoptosis 
seems to act as a common cellular mechanism by which various stress factors induce 
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cataractogenesis [ 72 – 76 ]. To explore the apoptotic control machinery, we have 
shown that during apoptosis of lens epithelial cells induced through inhibition of 
protein serine/threonine phosphatases by okadaic acid, p53 is clearly upregulated 
and its downstream target gene Bax is also upregulated [ 77 ,  78 ]. Inhibition of pro-
tein synthesis can suppress okadaic acid-induced upregulation of p53 and Bax, and 
also apoptosis. The p53 target gene, Bax, is also actively involved in Staurosporine-, 
UV-, and abnormal calcium-induced apoptosis of lens epithelial cells [ 79 ,  80 ]. 
During lens development, alpha-crystallins modulate Bax and caspase-3 activity to 
control developmental apoptosis [ 81 ,  82 ]. 

 Our recent studies have demonstrated that in lens, p53 can directly regulate 
another important proapoptotic gene, Bak [ 40 ,  83 ]. Moreover, Bak is highly 
expressed in embryonic lens and the p53-Bax axis regulates not only apoptosis but 
also lens differentiation (see more discussion below) [ 40 ]. Bak is also implicated in 
staurosporine-induced apoptosis of lens epithelial cells [ 79 ]. Bcl-2, another p53 
downstream target gene [ 60 ], also plays an important role in regulating lens differ-
entiation [ 84 ,  85 ]. Overexpression of Bcl-2 causes microphthalmia [ 85 ].  

15.7     p53 Directly Regulates Other Transcription Factors 
to Control Lens Differentiation 

 As a major transcription factor, p53 has been shown to regulate over 130 target 
genes and this list is growing year after year [ 70 ,  86 ]. In our recent studies, we have 
demonstrated that p53 can directly regulate two key lens transcription factors, c-Maf 
and Prox1 [ 87 ]. 

 The c-Maf genes from human, mouse, and rat all contain two p53 binding sites: 
one in the promoter region, the other one in the fi rst intron. Electrophoretic mobility 
shifting assay (EMSA) shows that p53 can bind to both sites. However, reporter 
gene activity analysis demonstrates that while the p53 binding site in the promoter 
region confers strong positive regulation on c-Maf expression, the second p53 site 
in intron may have a negative effect [ 87 ]. In the p53 knockout mice, expression of 
c-Maf was clearly downregulated in the embryonic lens from ED11.5 to ED13.5. 
This is also true in the lens placode stage [ 87 ]. These results reveal that p53 plays an 
important role in regulating c-Maf expression during the early embryonic develop-
mental stages. By ED17.5, the p53 regulation of c-Maf expression has gradually 
decreased. Prior to our work, Xie and Cvekl [ 88 ] demonstrated that Pax-6 also plays 
a major role in regulating c-Maf expression and the downstream lens crystallin 
genes. Together, it is clear that during the early lens development, Pax-6 and p53 are 
two major players in regulating c-Maf expression. Whether Pax-6 and p53 interact 
with each other to control c-Maf remains to be explored. 

 The c-Maf gene is actively involved in control of lens differentiation. Loss of 
c-Maf function causes severe defects in lens differentiation including lack of primary 
fi ber cell elongation and absence of lens crystallin gene expression induction in the 
differentiating lens fi ber cells [ 88 – 91 ]. 
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 Prox1 also plays an essential role during lens development. It is one of the essen-
tial genes controlling lens fi ber elongation. Lack of Prox1 function leads to absence 
of the lens fi ber elongation [ 92 ,  93 ]. Prox1 also regulates differentiation of other 
tissues [ 94 – 96 ]. At the molecular level, defi ciency of Prox1 downregulates expres-
sion of p27 and p57, leading to enhanced cell proliferation but loss of cell polarity 
[ 92 ,  93 ]. In our recent study, we have demonstrated that p53 also directly controls 
Prox1 [ 87 ]. The Prox1 gene from humans contains a conserved p53 binding site in 
the distal promoter region (–915 to –941). In contrast, the Prox1 gene from mice 
contains two p53 binding sites, one in similar position as found in humans, the other 
one near the proximal promoter (–356 to –382). EMSA and dose-dependent 
response analysis reveal that these p53 sites are active in mediating Prox1 control by 
p53 [ 87 ]. During mouse lens development, p53 exerts important control on Prox1 
expression as refl ected by the fact that knockout of p53 leads to signifi cant down-
regulation of Prox1 from ED12.5 to ED17.5. This regulation becomes gradually 
less important in the late embryonic stages and adult lens [ 87 ]. 

 Together, p53 can regulate lens differentiation through its control on other tran-
scription factors.  

15.8     p53 Directly Regulates Lens-Crystallin Genes 
to Control Lens Differentiation 

 Besides its control on other transcription factors, our recent studies have also demon-
strated that p53 can regulate expression of differentiation markers, the lens crystallin 
genes [ 97 – 98 ]. The αA-crystallin gene contains one p53 binding site in the promoter 
region and two p53 binding sites in the fi rst intron, all three sites can bind to p53 [ 97 ], 
mediating its positive regulation by wild-type p53 but negative regulation by 
p53-dominant negative mutant. In the developing lens, ChIP assay revealed that p53 
is directly bound to the αA-crystallin gene promoter. In the p53 knockout mice, 
expression of the αA-crystallin gene was downregulated. The βA3/A1-crystallin 
gene also has three p53 binding sites in the fi rst and second introns. Again, EMSA 
revealed that these sites are active in p53 bind and mediate positive and negative 
regulation by wild-type and dominant negative p53, respectively. In the developing 
lens, these sites also bind to p53 as demonstrated by ChIP assays. The p53 (−/−) mice 
have clearly downregulated βA3/A1-crystallin expression at ED11 although this 
downregulation becomes less clear at the later developmental stages [ 97 ].  

15.9     Conclusions 

 In summary, p53 plays an important role in the ocular lens. It is necessary to 
mediate normal developmental apoptosis so that the unwanted cells during lens 
vesicle formation and the lens stalk cells during lens differentiation can be 
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removed without disturbing normal lens physiology. On the other hand, enhanced 
apoptosis due to gene mutation or knockout also leads to microphthalmia or 
absence of eye development. This process is executed through regulation of Bak, 
Bax, and other components. p53 is also actively involved in regulation of lens 
differentiation. It does so either by regulating the major transcription factors 
including c-Maf and Prox1, or directly controls differentiation markers, the lens 
crystallin genes. The future study will certainly elucidate the signaling network 
components mediating p53 control of both developmental apoptosis and differ-
entiation-specifi c genes, and moreover the synergistic effects between p53 and 
other transcription factors.     
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      Abbreviations 

   ALCAR    Acetyl- L -carnitine   
  BFSP1    Beaded fi lament structural protein-1   
  BFSP2    Beaded fi lament structural protein 2   
  CAT    Catalase   
  CD1    Curcumin salicylidenecurcumin   
  CD2    Benzalidenecurcumin   
  CHMP4B    Chromatin modifying protein-4B   
  CRYAA    Alpha-crystallin A chain   
  CRYAB    Alpha-crystallin B chain   
  CRYBA1    Beta-crystallin A1   
  CRYBA4    Beta-crystallin A4   
  CRYBB1    Beta-crystallin B1   
  CRYBB2    Beta-crystallin B2   
  CRYBB3    Beta-crystallin B3   
  CRYGC    Gamma-crystallin C   
  CRYGD    Gamma-crystallin D   
  CRYGS    Gamma-crystallin S   
  ECCE    Extracapsular cataract extraction   
  FVN    Flavanoid fraction  Vitex negundo    
  GCNT2    Glucosaminyl ( N -acetyl) transferase 2   
  GJA3    Gap junction protein alpha 3   
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  GJA8    Gap junction protein alpha 8   
  Gpx    Glutathione peroxidase   
  GR    Glutathione reductase   
  GSH    Reduced glutathione   
  GST    Glutathione-S-transferase   
  HSF4    Heat shock transcription factor 4   
  ICCE    Intracapsular cataract extraction   
  iNOS    Inducible nitric oxide synthase   
  IR3G    Isorhamnetin-3-glucoside   
  LIM2    Lens intrinsic membrane protein 2   
  M    Molarity   
  MAF    Musculoaponeurotic fi brosarcoma protein family   
  MIP    Major intrinsic protein   
  NAC     N -acetylcarnosine   
  NADPH    Nicotinamide adenine dinucleotide phosphate   
  NCX    Sodium calcium exchanger   
  NO    Nitric oxide   
  PBA    Prevent Blindness America   
  PITX3    Pituitary homeobox 3   
  PMCA    Plasma membrane-associated calcium ATPase   
  ROS    Reactive oxygen species   
  SOD    Superoxide dismutase   
  TMEM114    Transmembrane protein 114   
  UV-B    Ultraviolet-B   
  WI    Urea-soluble fraction/water-insoluble fraction   
  WS    Water-soluble fraction   

16.1           Introduction 

 Cataract represents one of the major causes of blindness worldwide. In India, cata-
ract accounts for about 50–80 % of the blindness and in United States 22 million 
people encounter cataract and are expected to reach 30 million by 2020 [ 1 ]. 
According to Prevent Blindness America (PBA), cataract cases heads (>50 %) 
among all the other causes of blindness such as glaucoma, macular degeneration, 
and diabetic retinopathy. Cataract may develop as a result of both genetic (congeni-
tal mutation) and non-genetic factors like aging. During cataractogenesis, the lens 
of the eye becomes cloudy which is transparent otherwise. The vision may be 
blurred or misty; shadow and color vision or less vivid characterized by myopia and 
sensitivity to light. 

 Cataract is treated by removal of the cloudy lens by phacoemulsifi cation system 
aided by ultrasound energy that fragments the lens which is then aspirated from the 
capsular bag and replaced by a synthetic intraocular lens. Clinical studies have 
markedly reported profound aftermath effects of cataract surgery. Approximately, 
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25 % of the cases encounter posterior capsular opacifi cation during 5 years of post-
operative period [ 2 ], the most common cause of loss of vision after cataract surgery 
worldwide. Another signifi cant and compelling component of surgery is the expen-
sive surgical cost. Therefore, developing strategies to thwart the occurrence and 
identifi cation of potential risk factors should be considered as a prime epitome in 
prevention and management of cataract. Pharmacological interventions are aimed at 
reducing the damage rendered to lenticular epithelium and fi ber cells by oxidation, 
glycation, posttranslational modifi cations and other risk factors that are being in 
trial for effective management of cataract. Anticataractogenic agents of natural and 
synthetic origin may pave as another milestone in the intervention of cataractogen-
esis. Further research is warranted to account the effectiveness of antioxidant sup-
plementation and the stage of administration to counteract the relative incidence of 
cataract.  

16.2     Etiology of Cataractogenesis 

 Cataract is a multifactorial disease characterized by opacifi cation and clouding of 
the eye lens due to crystallin protein unfolding and aggregation. The mechanism of 
cataractogenesis is not merely a gene mutation resulting in the phenotype, prefera-
bly caused by either genetic and/or many other environmental and metabolic factors 
contributing to the altered gene expression or protein alterations. Intriguingly, epi-
demiological and family history has revealed a positive correlation of the genetic 
component and cataractogenic process (Table  16.1 ). There appears to be a central 
role for posttranslational modifi cation of the lenticular proteins in human cataract. 
Unambiguous perturbations in light scattering, protein tertiary structural changes, 
conformational changes, redox components, phase transitions, and aggregation 
state play a pivotal role in the cataractogenic process [ 3 ]. Protein truncations and 
deletions during posttranslational modifi cations in crystallin proteins are witnessed 
as prelude of human cataract [ 4 ]. Point mutations of α-crystallin genes, structural 
anomalies caused by racemization, isomerization, truncations, aggregation, and 
insolubilization are reported to cause human cataract [ 5 ]. Isomerization of 

   Table 16.1    Risk factors of cataract   

 Unmodifi able risk factors  Modifi able risk factors 

 1. Race  1. Oxidative stress-related factors 
 2. Sex  2. Maternal malnutrition 
 3. Age  3. Medication and physical exercise 
 4. Genetics  4. Smoking and alcoholism 
 5. Family history  5. Exposure to UV and ionizing radiations 
 6. Body mass index  6. Nutrition defi ciency, low antioxidant intake 
 7. Diabetes  7. Environmental pollution 

 8. Eye injury 
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αA-crystallin at the Asp58 and Asp151 has been reported recently [ 6 ] as a major 
issue regarding the conformational changes rendered to the crystallin protein. 
 D -isomerization and β-linkage of aspartyl residues affect the quaternary structure of 
crystallin proteins because of conformational changes in the main chain that remains 
the prime reason for aggregation and insolubilization of lens proteins. Abnormal 
aggregations and heterogeneous assemblies of the lens proteins end up with loss in 
chaperone activity and such a decrease avails light scattering and opacifi cation [ 7 ]. 
However, it is often foolhardy to draw a common pathway depicting the series of 
biochemical and biophysical changes in the lens.

   Steady state fall in the free radical scavenging capacity of the redox components 
contributes to the subtle clinical progression of nuclear opacifi cation. Prospective 
cohort study, patient, and case control study demonstrate a strong positive correla-
tion between enzymatic, nonenzymatic antioxidants and relative incidence of cata-
ract [ 8 ]. Profound liquefaction of the nucleus and cortex observed in hyper mature 
cataract is the generic reason behind light scattering. Autosomal dominant muta-
tions are responsible for early childhood congenital cataract causing bilateral vision 
loss. Majority of the mutations reported in genes, disrupt the tertiary structure cul-
minating in aggregation and precipitation of crystallin. Apart from structural gene 
mutations, point mutations in the cytoskeletal components [Major intrinsic protein 
(MIP)], aquaporin0, membrane proteins, gap junctional proteins (Connexin 46 & 
50), other heat shock components ends up in loss of lenticular homeostasis [ 9 ], and 
membrane disintegrations in fi ber cells [ 10 ] can also cause/increase the risk of con-
genital and age-related cataract. 

16.2.1     Crystallin Lens Proteins: The Key Components 
of the Eye Lens 

 The eye lens fi ber cells are composed of high concentration of (>90 %) specifi c 
soluble proteins called crystallin. Crystallin protein is classifi ed into three major 
groups such as α-, β-, and γ-crystallin that act as components of the lens and are 
vital for lens transparency, viscosity, and high refractive index. The oligomeric 
α-crystallin molecule exists in dynamic state continuously involved in rapid 
exchange and dissociation of subunits. The homologous and heterologous interac-
tions of the crystallin proteins within/with other crystallin and membrane proteins 
are yet another vital factor of lens transparency [ 11 ]. They also physically and func-
tionally interact with both the cell membrane and cytoskeleton. Functional changes 
in α-crystallin have been shown to modify cell–cell interactions and lead to pathol-
ogy in vivo [ 12 ], the well-known examples are various neurodegenerative diseases 
and cancer. Crystallin proteins are arranged in regular mode with a shorter range 
order lesser than the wavelength of light. The fi ber cells maintain a unique signature 
of crystallin expression contributing to higher concentration leading to molecular 
crowding thence enhancing α-/β-, α-/α-, β-/γ-, α-/γ-, and γ-/γ-interactions and asso-
ciations. It is envisaged that minor encumbrance in the protein–protein interaction 
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phenomenon directly contemplates in lens transparency [ 4 ,  13 – 19 ]. Number of 
in vitro and in vivo assays proved that the homogeneous and heterogeneous interac-
tion of α-crystallin prevents the cluster form of aggregates in native as well as dif-
ferent physiological conditions [ 20 ]. The highly ordered array in the lens is 
accountable for refractive index and transparency; this is achieved by the crystallin 
proteins and characterized for being able to reach in higher concentration without 
aggregating and scattering light. This highly conserved, small heat shock protein 
prevents the aberrant physiological changes taking place in the eye lens protein dur-
ing stress conditions. 

 Transparency and proper light refraction of the lens depend on a unique arrange-
ment of tightly packed fi ber cells, which in turn rely on a defi ned protein structure. 
The human lens has a protein concentration of 33 % of its wet weight, which is 
twice that of most other tissues such as brain = 10 % and muscle = 18 % [ 21 ]. The 
crystallins are intracellular proteins contained within the epithelium and plasma 
membrane of the lens fi ber cells. α-Crystallin constitutes subunits αA and αB; each 
subunit polypeptide has a molecular weight of about 20 kDa and possesses the abil-
ity to form oligomers of 200–800 kDa. The subunits are held together by hydrogen 
bonds and hydrophobic interactions. Crystallins appear to be specifi cally involved 
in the transformation of epithelial cells in the lens fi ber cells. At the time of human 
birth 1.6 million fi ber cells are found that increases to 3 million at the age of 20 and 
3.5 million at 80 years of age [ 22 ]. The rate of synthesis of α-crystallins is seven 
times higher in epithelial cells than in the cortical fi bers, indicating a signifi cant 
decrease in rate of synthesis after the transformation. β-crystallins account for 55 % 
(by weight) of the water-soluble proteins in the lens and γ-crystallins are the small-
est form of the crystallins, with a molecular weight in the range of 20 kDa. The 
conversion of water-soluble lens protein to insoluble protein is the indication of 
cataract during aging process, the acceleration of insoluble protein leads to form 
protein aggregation. As there is negligible protein turnover in mature fi ber cells 
[ 23 ], most of these proteins are surprisingly stable and remain in the lens for the 
duration of an individual’s life span [ 24 ]. Methods have been developed to isolate 
lens protein, which normally involves sequential buffer extraction from decapsu-
lated lens tissues [ 24 ]. Lens proteins extracted by diluted aqueous buffer are termed 
as water-soluble protein, which accounts for up to 80–90 % of total proteins in 
normal lenses and consists of almost entirely structural protein known as crystallins 
[ 25 ]. Lens proteins that are solubilized in 7–8 M urea are termed as water-insoluble 
(WI)/inclusion proteins, which consist of denatured crystallin and cytoskeletal pro-
teins [ 24 ,  26 ,  27 ]. The insoluble protein fraction possesses high-molecular weight 
disulphide (S-S)-linked protein aggregates. The urea-soluble fraction (WI) contains 
cytoskeleton proteins that provide the structural framework of the lens cells and the 
fi ber plasma membranes that resemble erythrocyte plasma membranes in many 
aspects. As the fi ber cells begin to elongate, the MIP can be detected in membranes 
and throughout the mass of the lens. It is not found in the epithelial cell and seems 
to be associated with the differentiation of epithelial cells in to fi ber cells. The MIP 
is concentrated in the gap junctions and is the predominant protein of the 
 junction- enriched membrane proteins. It is an inherent part of the membrane, where 
it can be localized by immunofl uorescence.  
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16.2.2     Cataract: A Progressive Deterioration of Vision 

 During stress conditions, over expression of αB-crystallin has been reported in vari-
ous non-lenticular tissues especially in cardiac and skeletal muscles related to 
myopathy, carcinoma, and neurodegenerative diseases. αB-crystallin exists as 
molecular chaperone prevent the misfolding of proteins leading to aggregation and 
amyloid fi ber formation in lens and other organs [ 28 ]. Moreover, elevated levels of 
αB-crystallin confers anti-apoptotic effects in many cells including retinal pigment 
epithelial cells, and always detected as biomarker of oxidative stress-induced apop-
tosis [ 29 ] in various muscular and neurodegenerative diseases. Researchers have 
also reported that temperature above 30 °C could enhance the chaperone-like activ-
ity of αA-crystallin to several-fold [ 30 ] and the protein structural stability persist at 
100 °C with little unfolding condition, even though, it will revert back to normal 
when cooled to 21 °C [ 31 ]. Failure of this chaperone activity is mostly due to muta-
tion or alterations during posttranslation modifi cations in α-, β-, and γ-crystallin and 
leading to aggregation of misfolded proteins resulting in diseased state [ 32 ,  33 ]. 
There are lots of ongoing epidemiological studies to fi gure out risk factors; how-
ever, there are only a few factors recognized and investigated in detail like UV-B 
exposure, low antioxidant intake, certain medications, cigarette smoking, diabetes, 
and gout as well as family history [ 34 ]. In contrast to these age-related forms of 
cataract, congenital cataracts or cataracts in early childhood are rather rare but 
avoidable causes of blindness reported in both developed and developing countries 
with a frequency of 30 cases among 100,000 births; with a further 10 cases being 
diagnosed by the age of 15 years (mainly as dominant forms). Rates are likely to be 
higher in developing countries because of Rubella infections and consanguinity for 
the recessive forms [ 35 ]. 

 Congenital cataract is detectable at birth or during the fi rst decade of life due to 
different causes, including metabolic disorders (galactosemia), infections during 
embryogenesis [ 36 ], gene defects, and chromosomal abnormalities [ 37 ]. Cataract 
may be an anomaly, observed in association with other ocular developmental abnor-
mality, or part of a multisystem syndrome, such as Down’s syndrome, Wilson’s 
disease, and myotonic dystrophy [ 38 ]. Inherited cataracts correspond to 8–25 % of 
congenital cataract [ 39 ] and the commonest mode of inheritance is the autosomal 
dominant form. Appearance of the lens opacities seen in families with inherited 
cataract is classifi ed into fi ve groups: lamellar, coralliform, stellate, anterior, poste-
rior polar, and fi nally an “undefi ned” group. At least 34 loci in the human genome 
have been reported to be associated with various forms of pediatric cataract. 
Autosomal dominant and recessive forms of cataracts have been caused by muta-
tions in 22 different genes encoding crystallins CRYAA [ 40 ], CRYAB [ 41 ], 
CRYBA1 [ 42 ], CRYBA4 [ 43 ], CRYBB1 [ 44 ], CRYBB2 [ 45 ], CRYBB3 [ 46 ], 
CRYGC, CRYGD [ 47 ], and CRYGS [ 48 ], cytoskeletal proteins BFSP1 [ 49 ] and 
BFSP2 [ 50 ], membrane proteins GJA3 [ 51 ] and GJA8 [ 52 ], MIP [ 53 ] and LIM2 
[ 54 ], transcription factors HSF4 [ 55 ], PITX3 [ 56 ], and MAF [ 57 ], glucosaminyl 
( N -acetyl) transferase 2 (GCNT2) [ 58 ], chromatin modifying protein-4B CHMP4B 
[ 59 ] and TMEM114 [ 60 ] (Table  16.2 ). On the basis of current studies, mutations in 
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   Table 16.2    List of reported mutants and the congenital cataract cases worldwide   

 S.No  Gene  Mutation  Type  Cataract  Family  Reference 

 1  CRYAA  W9X  Nonsense  Autosomal 
recessive 

 Jewish Persian  [ 61 ] 

 R12C  Novel  Zonular  Danish  [ 62 ] 
 R21L  Novel  Congenital  German  [ 63 ] 
 R21W  Novel  Zonular  Danish  [ 62 ] 
 R49C  Novel 

missense 
 Autosomal 
dominant 

 Caucasian  [ 34 ]. 

 R54C  Novel 
nonsense 

 Congenital  Saudi  [ 64 ] 

 F71L  Novel  Age related  Indian  [ 65 ] 
 G98R  Novel  Putative  Indian  [ 66 ] 
 R116C  Novel  Congenital  Danish  [ 62 ] 
 R116H  Novel  Congenital  Danish  [ 62 ] 

 2  CRYAB  D140N  Novel 
Missense 

 Lamellar  Chinese  [ 67 ,  68 ] 

 R11H  Novel  Nuclear  Chinese  [ 69 ] 
 R56W  Novel 

Missense 
 Juvenile  Saudi  [ 70 ] 

 P20S  Novel  Posterior polar  Chinese  [ 67 ,  68 ] 
 R56W  Novel  Congenital  Saudi Arabia  [ 64 ] 
 A171T  Missense  Pediatric  South India  [ 71 ] 
 R120G  Point  Posterior polar  France  [ 72 ] 

 3  CRYBB  G220X  Nonsense  Autosomal 
dominant 

 Chinese  [ 44 ] 

 4  CRYBB2  D128V  Novel  Congenital  German  [ 73 ] 
 V187M  Missense  Congenital  Basotho  [ 74 ] 
 Q155X  Nonsense  Congenital 

coronary 
 Chinese  [ 75 ] 

 5  CRYBB1  S228P  Novel 
missense 

 Autosomal 
dominant 

 Chinese  [ 76 ] 

 X253R  Novel  Congenital  UK  [ 77 ] 
 Q223X  Novel 

nonsense 
 Autosomal 
dominant 

 Chinese  [ 78 ] 

 6  CRYBB3  G165R  Point  Autosomal 
recessive 

 Pakistani  [ 46 ] 

 7  CRYBA1/A3  G91 DEL  Deletion  Autosomal 
dominant 
congenital 

 Chinese  [ 79 ] 

 CRYBA1/A3  G91DEL  Deletion  Congenital 
nuclear 
lactescent 

 Swiss  [ 80 ] 

 8  CRYGC  C109X  Nonsense  Autosomal 
dominant 

 Chinese  [ 81 ] 

 T5P  Novel  Coppock  Swiss  [ 47 ] 

(continued)
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 S.No  Gene  Mutation  Type  Cataract  Family  Reference 

 9  CRYGD  G61C  Novel 
missense 

 Congenital 
coralli form 

 Chinese  [ 75 ] 

 R15S  Novel 
missense 

 Congenital 
coralli form 

 Chinese  [ 82 ] 

 P24T  Novel 
missense 

 Congenital 
coralli form 

 Chinese  [ 82 ] 

 P23T  Missense  Coral like  Chinese  [ 83 ] 
 R14C  Missense  Congenital  Chinese  [ 84 ] 
 R58H  Missense  Aculeiform  Mexican  [ 85 ] 
 494DEL G  Deletion  Congenital 

nuclear 
 Chinese  [ 82 ] 

 R14C  Missense  Coralli form  Chinese  [ 84 ] 
 R36S  Missense  Crystal  Czech  [ 86 ] 
 R58H  Missense  Aculeiform  Swiss  [ 47 ] 
 E107A  Missense  Nuclear  Mexico  [ 39 ] 
 Y134X  Novel  Congenital  Danish  [ 62 ] 

 10  CRYGS  G18V  Missense  Dominant 
progressive 
cortical 

 Chinese  [ 48 ] 

Table 16.2 (continued)

about half of the affected families occurs in crystallin gene, a quarter in connexins 
and the remaining is evenly split between membrane proteins, intermediate fi lament 
proteins, and transcription factors. However, the relative contribution of these 
classes of genes to pediatric cataracts is still unclear.

   Age-related/senile cataract is a progressive disorder of the lens affecting trans-
parency accompanied with marked light scattering. Oxidative stress-related factors, 
exposure to radiations, smoking, low antioxidant status, and exposure to irradiations 
are the key factors that trigger cataractogenic process above the age of 60. Free radi-
cals and glycation are the perpetrator causing cross-linking of the lenticular pro-
teins, and the aggregated proteins scatter light. With aging phenomena, the 
antioxidant defense machinery gets defoliated and the system is overridden by oxi-
dative stress [ 87 ], specifi cally the level of GSH and its precursor amino acids are 
signifi cantly reduced. The reason for the decline in GSH is possibly the alterations 
in the function of GSH transporters [ 88 ]. In the case of secondary cataract like dia-
betic cataract, the protein breakdown process is accelerated during hyperglycemia. 
Aldose reductase facilitates the transfer of glucose into sorbitol, which is imperme-
able to the membrane; accumulation of sorbitol ends with glycative and osmotic 
stress [ 89 ]. Any injury pertaining in the lens tissue may lead to hydration of the 
protein causing dense cortical cataract. The extent of opacifi cation depends on the 
type and depth of injury. 
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16.2.2.1     Stratifi cation of Opacifi ed Lens 

 According to the degree of maturity, typical classifi cation is made to describe mor-
phological classifi cation of cataract.

  Immature   Asymptomatic cataract with demarcations between opaque 
areas 

  Intumescent   Swollen with water, probably due to osmotic stress 
  Mature   The entire cortex is white and opacifi ed 
  Hyper mature   Pronounced liquefaction of the nucleus and cortex 

   Generic terms such as total/diffuse, anterior polar, lamellar, nuclear, posterior 
polar, posterior lentiglobus, and posterior subcapsular are applied to different forms 
of cataract. In general surgeons label the shape and structure of cataract like punctu-
ate, pulcerent, coroliform, coronary, fl oriform, retrodot, sunfl ower, blue dot, and 
sutural. Retrospective of the form, shape, and incidence, cataract surgery is one of 
the most cost-effective interventions in the fi eld of medicine, resulting in almost 
immediate visual rehabilitation [ 90 ]. Nowadays, phacoemulsifi cation is applied in 
the  management of cataract because of its earlier refractive stabilization, reduced 
induced astigmatism, and milder postoperative infl ammation, all resulting in faster 
visual rehabilitation. It has been shown that improvement in visual acuity following 
cataract surgery is accompanied by considerable gains in real-life activities, emo-
tional and social life components [ 91 ].    

16.3     Avalanche of Biochemical Reactions 

 Signifi cant inroads are being made to elucidate the series of changes taking place 
during the cataractogenic process. The sequel begins with the biochemical or physi-
cal insults carried on by phase separation of crystallins into soluble and insoluble 
aggregates, distortion of antioxidant defense, reduction in GSH level, loss in protein 
secondary and tertiary structure; any of which may result in light scattering. 
However, when the key factor reckon to be a mutation in the crystallin gene or 
maternal malnutrition, this results in congenital cataract. If the factor is an environ-
mental insult such as radiation, hyperglycemia, or oxidation, this may contribute to 
age-related cataract. 

16.3.1     Mutation and Its Cardinal Role in Congenital Cataract 

 Based on the underlying gene functions, cataract is caused by mutations in crystal-
lin, membrane/cytoskeleton proteins, and transcription factors [ 92 ]. Both αA- and 
αB-crystallin are encoded by two dissimilar genes: CRYAA and CRYAB genes, 
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respectively. The homologous and heterologous interaction between the different 
crystallin proteins confers a dynamic state which is essential for lens transparency 
[ 15 ]. Mutations in CRYAA, CRYAB, CRYBB, CRYGC, and CRYGD and trunca-
tions in the N- and C-terminal regions of crystallin proteins (CRYAA and CRYAB) 
have been reported to develop opacities. During the past decade   , a large body of 
evidences has been fi led on the protein–protein interaction; chaperone activity and 
subunit exchange of crystallin proteins play crucial role in the prevention of cataract 
[ 93 ,  94 ]. Literature evidences that recombinantly expressed and purifi ed mutants of 
αA-, αB-, β-, and γ-crystallins and their truncations have altered structural confor-
mation, solubility, stability in different pH, temperature and functional characteris-
tics, specifi cally loss of chaperone activity, altered hydrophobicity, and subunits 
protein–protein interactions leading to cause cataract. Nevertheless, the degree and 
pattern of interaction varies for each mutation and truncation. The mutants and trun-
cated forms of crystallins are prone to aggregation as sign of loss in native 
structures. 

 Gap junctional proteins such as connexins 43, 46, and 50 are localized on the cell 
membranes spanning the intracellular communications between adjacent cells. 
These gap junctional proteins facilitate the transportation of ions (K + , Ca 2+ ) and 
small molecules including metabolites (e.g., glucose) and second messengers [ 95 ]. 
Localized point mutations such as GJA8/Cx50 and GJA3/Cx46 in the connexin 
gene elicits poor interaction of the protein product with the neighboring protein sug-
gesting that mutations in connexin genes can lead to dominant and recessive forms 
of cataract. 

 Cytoskeletal proteins are inherent compositions of the lens bestowing to the 
structural, cell motility, maintenance of cell volume and shape. R278W and delE233 
are reported mutations in the Beaded Filament Structural Proteins (BFSP) also 
termed Filensin, a highly divergent intermediate fi lament. This mutation has been 
reported as the important causative factor for severe congenital cataract character-
ized by nuclear, sutural, and cortical cataract. Certain mutations in the transcrip-
tional regulators like PITX3, MAF, and HSF4 peculiarly S13N, 10q24-q25, R288P, 
K297R, A19D, R73H, I86V, L114P, R119C, and R175P have been implicated in the 
cataractogenic process [ 9 ]. The structural confi rmation and interaction between 
crystallin, membrane, and cytoskeleton proteins are the key factor for determining 
the protein complex, molecular assembly, and maintaining lens transparency [ 19 ].  

16.3.2     Oxidation the Perpetrator of Senile Cataract 

 Oxidative stress is the key factor in senile and secondary form of cataractogenesis. 
Environmental insult to lenticular proteins, photochemical damage, and oxidative 
assaults by hydrogen peroxide, superoxide, hydroxyl, and reactive nitrogen species 
induces damage to the lens epithelial cells [ 96 ]. The continuous exposure of above 
photochemical factors and oxidative stress induces free radical formation in the eye 
lens even though it is counteracted by number of antioxidant defense molecule in 
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this avascular organ. The organ is inherently aided with endogenic antioxidant 
defense machinery that comprises enzymatic: SOD, CAT, Gpx, GR, thioredoxin, 
and nonenzymatic antioxidants: GSH, Vitamin C, etc. [ 97 ]. SOD, a chain-breaking 
antioxidant catalyzes the dismutation of the superoxide radical into molecular oxy-
gen and hydrogen peroxide. The enzyme exists in two forms, one containing Mn 2+ , 
restricted to the mitochondria, and a cytosolic form containing Zn 2+  and Cu 2+ . 
Subsequently CAT, a hemoprotein that requires NADPH for regeneration to its 
active form catalyzes the reduction of H 2 O 2  to water and molecular oxygen. GSH in 
the lenticular tissue is the major factor involved in maintaining protein sulfhydryl 
groups by directly scavenging the reactive oxygen species. The glutathione redox 
cycle is vital for maintaining lenticular transparency by detoxifying the generated 
reactive oxygen species. Gpx is a selenoprotein, which catalyzes the reduction of 
hydroperoxides with the assistance of its reducing substrate GSH [ 98 ]. With the 
advent of risk factors such as aging the antioxidant system is challenged detrimen-
tally, where the reactive free radicals direct the epithelial cells to apoptosis resulting 
in severe damage of the eye lens. Withal, the protein content undergoes certain 
irreversible posttranslational modifi cations in particular oxidation, deamidation, 
racemization, and truncations. However, with age, it appears that these protective 
mechanisms decrease in activity, resulting in elevated H 2 O 2  levels, ultimately lead-
ing to opacifi cation. Irrevocable ionic imbalance stimulated by the continuous effl ux 
of calcium, sodium ions by the calcium ATPases, sodium potassium ATPases, NCX, 
PMCA [ 99 – 101 ]. Evidently, studies from human cataracteous lens also depicted 
reduced activity of sodium potassium ATPase, PMCA [ 102 ] where the ion export-
ing mechanisms are incapable of balancing the passive leakage of calcium, sodium, 
and potassium ions. Pioneering studies have suggested the biochemical alteration in 
the lens is refl ected in the ratio of soluble and insoluble protein. Mutations and 
proteolysis of lenticular crystallin, breakdown of cytoskeletal contents specifi cally 
in actin, vimentin, and spectrin are strongly associated with the increase insoluble 
content that favors opacifi cation and cataract development [ 15 ,  19 ]. These cascade 
of events trigger the deterioration of the lenticular milieu culminating in sever 
mature cataract.  

16.3.3     Glycation, a Rudimentary Factor of Diabetic Cataract 

 Glycation is often considered as the hallmark of diabetes mellitus, a metabolic syn-
drome characterized by hyperglycemia and insulin resistance. Diabetic individuals 
pose an increased risk in the development of posterior subcapsular cataract due to 
nonenzymatic glycation of eye lens proteins, oxidative stress, and activated polyol 
pathway in glucose disposition. Aldose reductase facilitates the conversion of glu-
cose to sorbitol using NADPH as the cofactor. Accumulation of sorbitol results in 
osmotic swelling, osmotic gradient, and tissue damage [ 89 ]. The patho-mechanism 
is convicted by the formation of advanced glycation end products, the end products 
of millard reaction culminates in lens protein alteration. The millard process adds 
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glucose carbonyl group to the free amino group of protein or amino acid forming 
Schiff base adducts, which in turn forms stable amadori products [ 103 ] that can 
disrupt the potential arrangements of lens protein that lead to progressive 
cataractogenesis.   

16.4     Prevention and Management 

 The nature of day-to-day life of individuals and occupational demands plays a vital 
role to create awareness of visual impairment and management. Cataract (other than 
congenital form) is one of the leading causes of avertable blindness worldwide. The 
burden of visual impairment is directly correlated with the loss of productivity. 
Accumulation of damage from the environment, deterioration of defense, repair 
mechanisms, and genetic predisposition [ 104 ] are the major contributing factors. 
Limited access to health care, lack of awareness to obtain healthy balanced food, 
medication, and UV-radiation are considered as a potential ground for visual impair-
ment and increased rates of cataract surgery. 

16.4.1     Strategies for Cataract Prevention 

16.4.1.1     Natural Antioxidants and Prophylaxis 

 A great body of epidemiological data in animal model suggests a direct positive 
correlation between higher level of antioxidant intake and decreased incidence of 
cataract. Oxidative stress is inextricably related to cataractogenesis process, 
explaining the underlying role of free radicals. Antioxidants are small biomole-
cules with electronegative centers posing the capability to scavenge free radicals, 
modulating the antioxidant enzymes and chelate metal ions. The innate defense 
mechanism is challenged by the onset of cataractogenesis; however, these antioxi-
dants may reduce the stress burden on the redox components and thereby averting 
the deleterious cascade of cellular damage [ 105 ]. Research in the recent years 
have been focused to identify genetic variations and gene regulation by dietary 
factors that could serve as diagnostic tools for individualized intervention and 
novel therapeutic strategies for cataractogenesis [ 106 ]. Oxidative stress is counter 
acted by innate antioxidant enzyme such as SOD, CAT, Gpx, GR, and 
GST. Antioxidant substances are small biological molecules that resist the dam-
age to the structural and functional biomolecules at relatively lower concentra-
tions. Antioxidants are versatile components that serve by scavenging the free 
radicals, modulating the antioxidant enzymes and chelating metal ions. A massive 
body of evidences by epidemiological and intervention studies state that the 
 incidence of cataract is directly proportional to the dietary intake of antioxidant 
supplements [ 107 ]. 
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 Extensive studies on animal and random placebo control trial presumes that 
 oxidation precedes opacifi cation. Vitamin C is a routine neutralizer of free radicals, 
a nonenzymatic antioxidant element present in higher concentration both in the eye 
lens and aqueous humor [ 108 ]. Vitamin C and E are implicated in preventing exper-
imental cataract by reducing the levels of lipid peroxidation in the aminothiazole- 
induced cataract. It should be noted that external administration of antioxidants can 
only be benefi cial when the endogenous system is jeopardized. These antioxidants 
can directly involve in the detoxifi cation process or trigger the activation of redox 
components at the level of both transcription and translation. In selenite-induced rat 
model, Ca 2+  homeostasis is abruptly disturbed which triggers the calcium- dependent 
protease calpain and Lp82. Elanchezhian et al. [ 109 ] have reported that a decline in 
Ca 2+  was precluded by the antioxidant property of ALCAR. Presumably, the auto-
lytic process of calpain after activation was evidenced by a lowered expression lev-
els of Lp82 protein and decreased expression levels of m-calpain mRNA transcripts. 
According to Muralidharan et al. [ 110 ], the gap junctional proteins such as connexin 
46, connexin 50, and PMCA 1 are the key regulators of calcium homeostasis in the 
lens. Moreover, in silico study was accomplished by homology modeling of the 
functional domains of the connexin protein and a concomitant docking analysis 
with ALCAR was executed. The results suggest the formation of strong hydrogen 
bond between ALCAR and the functional domains that explains the interaction 
between the antioxidant and the protein moiety at the atomic level.  

16.4.1.2     Lead Compounds of Plant Origin: A Probable Development 
of Anticataractogenic Agent 

 During the past decade, enormous data has emerged on the action of plant com-
pounds and extracts in experimental cataractogenesis (Table  16.3 ). Investigations 
on the potent pharmacological action of the bioactive extracts such as Astaxanthin, 
C-Phycocyanin, caffeine, curcumin, elagic acid, lycopene, fl avonoid fraction of 
 Vitex negundo , Isorhamnetin-3-glucoside, Drevogenin D, proanthocyanidin,  Emilia 
sonchifolia ,  Crataegus pinnatifi da ,  Cineraria maritime ,  Pleurotus ostreatus , 
 Trigonella foenum - graecum ,  Embelica offi cinalis ,  Camellia sinensis ,  Brassica 
oleracea ,  Ginkgo biloba , garlic, onion, rutin, tetramethylpyrazine,  Citrus auran-
tium , etc. possibly prevented cataractogenesis by thwarting oxidative stress. 
However, the side effects and mode of action is not well characterized so far. The 
prominent evidence on the anticataractogenic potential of plant sources lies by 
protecting the antioxidant defense machinery. So far, no plant or natural products 
have been tested for clinical trials that warrant extensive study on the modality of 
pharmacological action.

   Rutin is an abundant fl avone glycoside present in herbs that exhibit pronounced 
antioxidant and free radical scavenging capacity. Extensive studies have been carried 
out on the anticataractogenic potential of rutin against selenite-induced model. The 
fl avones have been recognized to protect the enzymatic and nonenzymatic antioxi-
dants such as SOD, CAT, Gpx, GR, GST [ 143 ], and ascorbate. The major function 
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   Table 16.3    Natural compounds and the possible mode of action as potent anticataractogenic agent 
in animal model   

 S. No.  Component  Source  Mode of action  Reference 

 1  Aqueous  Apricots  Conserves the lens 
enzymatic antioxidants 
and scavenges the 
reactive species 

 [ 111 ] 

 2  Aqueous extract   Embelica offi cinalis   Maintains the mean 
activities of 
antioxidant enzymes 

 [ 112 ] 

 3  Aqueous extract  Garlic  Protects the 
antioxidant balance 

 [ 113 ] 

 4  Astaxanthin  Plants, algae, and 
marine animals 

 Interaction of 
astaxanthin with 
selenium through 
conjugated polyene 

 [ 114 ] 

 5  Caffeine  Plant origin  Infl uence the lens 
metabolism by 
inhibiting cyclic 
adenosyl 
monophosphate 
phosphodiesterase 

 [ 115 ] 

 6  C-Phycocyanin   Spirulina platensis   Modulating the 
antioxidant enzyme 
status 

 [ 116 ] 

 7  Curcumin   Cucurma longa   Antioxidant property  [ 117 ,  118 ] 
 8  Danshensu   Salvia miltiorrhiza   Conserve the mean 

activities of 
antioxidant enzymes 

 [ 119 ] 

 9  Drevogenin D   Dregea volubilis   Protects against 
calpain activation 

 [ 120 ] 

 10  Elagic acid  Raspberries, 
pomegranate, walnuts, 
grapes, and 
blackcurrants 

 Maintaining of 
antioxidant enzyme 
activities and 
decreased 
malondialdehyde 
levels 

 [ 121 ] 

 11   Emilia sonchifolia 
Flavonoids  

  Emilia sonchifolia   The fl avonoids 
modulate lens 
opacifi cation and 
oxidative stress 

 [ 122 ] 

 12  Ethanolic extract   Camellia sinensis   Acts primarily by 
preserving the 
antioxidant defense 
system 

 [ 123 ] 

 13  Ethanolic extract   Cineraria maritime   Conserves the 
enzymatic antioxidant 
system 

 [ 124 ] 

 14  Ethanolic extract   Pleurotus ostreatus   Protects against 
oxidative stress 

 [ 125 ] 

(continued)
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Table 16.3 (continued)

 S. No.  Component  Source  Mode of action  Reference 

 15  Extract   Ocimum sanctum   Restoration of the 
antioxidant defense 
system and inhibition 
of protein 
insolubilization 

 [ 126 ] 

 16  Extract   Ginkgo biloba   Signifi cantly retards 
the progression of lens 
opacifi cation 

 [ 127 ] 

 17  Extract   Origanum vulgare   Based on direct or 
indirect antioxidant 
mechanisms 

 [ 128 ] 

 18  Extract  Onion  Maintains the inherent 
antioxidant levels 

 [ 113 ] 

 19  Extract   Trigonella 
foenum - graecum  

 Protects against 
experimental cataract 
by virtue of its 
antioxidant properties 

 [ 129 ] 

 20  Flavonoid fraction 
of leaves 

  Moringa oleifera   Maintains the activities 
of antioxidant enzymes 
and sulfhydryl content 
and prevented reactive 
oxygen species 
generation and lipid 
peroxidation 

 [ 130 ] 

 21  Flower buds   Cleistocalyx 
operculatus  

 Signifi cantly reduces 
the glucose, sorbitol, 
and fructose levels in 
diabetic rat lenses 

 [ 131 ] 

 22  Galloyl glucoses   Cornus offi cinalis   Inhibitory activity 
against the formation 
of advanced glycation 
end products 

 [ 132 ] 

 23  Hydroethanolic 
extract 

  Pleurotus fl orida   By maintenance of 
higher levels of 
protective antioxidant 
enzymes as well as 
water-soluble protein 
in the lens 

 [ 133 ] 

 24  Isoquinoline 
alkaloids 

  Tinospora cordifolia   Inhibit lens aldose 
reductase 

 [ 134 ] 

 25  Isorhamnetin-3-
glucoside 

  Cochlospermum 
religiosum  

 Maintaining the Ca 2+  
ATPase activity, 
preventing oxidative 
stress damage, 
accumulation of 
calcium, and 
prevention of lipid 
peroxidation 

 [ 135 ] 

(continued)
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 S. No.  Component  Source  Mode of action  Reference 

 26  Itone™   Azadirachta 
indica —5 %,  Moringa 
pterygosperma —5 %, 
 Eclipta alba —5 %, 
 Boerhaavia 
diffusa —7.5 %, 
 Carum 
copticum —2 %, 
 Terminalia 
chebula —5 %, 
Terminalia 
belerica—5 %, 
 Emblica 
offi cinalis —5 %, 
 Santalum 
album —5 %, 
Mukta—1 %,  Ocimum 
sanctum —5 %,  Vitex 
negundo —5 %, 
 Curcuma longa —5 %, 
 Mentha 
piperata —2 %, 
 Cinnamomum 
camphora —3 %, 
 Amomum 
subulatum —5 %, 
 Rosa 
centifolia —7.5 %, 
Saindhava 
laban—2 % and 
honey—10 %. 

 Antioxidant property  [ 133 ] 

 27  Leaves extract   Hydrocotyl 
bonariensis , 

 Moderately increased 
percentage soluble 
protein in the lens but 
did not increase the 
antioxidant status 

 [ 136 ] 

 28  Leaves extract   Crataegus pinnatifi da   Conserves the 
activities of 
antioxidant enzyme 
SOD, CAT, and GSH 

 [ 137 ] 

 29  Luteolin   Vitex negundo   Inhibits calpain 
activation, maintains 
the antioxidant status 
of lens tissue 

 [ 138 ] 

 30  Lycopene  Tomatoes, other red 
fruits and vegetables 

 Antioxidant property  [ 139 ] 

 31  Melatonin  Secretory product of 
melatonin 

 Increases antioxidant 
activity 

 [ 140 ] 

Table 16.3 (continued)

(continued)
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Table 16.3 (continued)

 S. No.  Component  Source  Mode of action  Reference 

 32  Methanolic extract   Brassica oleracea   Maintains antioxidant 
status and ionic 
balance through Ca 2+  
ATPase pump, 
inhibition of lipid 
peroxidation, calpain 
activation, and protein 
insolubilization 

 [ 141 ] 

 33  Proanthocyanidin  Grape seeds  Protect the antioxidant 
enzyme modules, 
inhibits the generation 
of NO and iNOS 

 [ 142 ] 

 34  Rutin  Plant origin  Protecting the 
antioxidant defense 
mechanism 

 [ 143 ] 

 35  Saffron  Saffron  Prevents lipid 
peroxidation, protein 
oxidation, proteolysis, 
and insolubilization of 
the lens water-soluble 
fraction 

 [ 144 ] 

 36  Scopoletin   Magnolia fargesii   Inhibits aldose 
reductase activity 

 [ 145 ] 

 37  Seed coat 
polyphenols 

  Eleusine coracana   Acts by inhibiting 
Aldose reductase 
reversibly by 
noncompetitive 
inhibition 

 [ 146 ] 

 38  Tetramethy lpyrazine   Ligusticum wallichii   Preserves lens 
transparency by 
maintain normal levels 
of activity of SOD, 
Gpx and CAT 

 [ 147 ] 

 39  Triphala   Emblica offi cinalis , 
 Treminalia chebula  
and  Terminalia 
belerica  

 Protects antioxidant 
enzyme activity 

 [ 148 ] 

 40  Tuber   Zingiber offi cinalis   Acts by its 
antiglycating potential 
and to a lesser extent 
by inhibition of the 
polyol pathway 

 [ 149 ] 

 41  Water extract   Aralia elata   Inhibits aldose 
reductase and acts 
in vitro as an 
antioxidant 

 [ 150 ] 

 42  Water extract   Morus alba   Antioxidative potential 
of fl avonoids 

 [ 151 ] 
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of the lens crystallin has been reported to be the chaperone-like activity that medi-
ates the proper folding of other proteins, a function similar to the small heat shock 
proteins [ 16 ]. During the onset of cataractogenesis, the loss of chaperone activity of 
crystallin protein is considered as the trigger for opacifi cation. The key factor 
towards the deprivation of chaperone activity is the elevated oxidative stress affi rmed 
by sodium selenite. However, treatment with plant-derived antioxidants reverts back 
the chaperone activity and retains the structure and function of α-, β-, and γ-crystallins. 
This corollary was authenticated by in vivo experiment in rat pups. After induction 
of cataract, the eye lenses depicted a diminished chaperone activity which was 
screened in terms of heat-induced aggregation, DTT aggregation assay, and refold-
ing attributes of β-crystallin [ 152 ]. 

 Curcumin is a bright yellow colored oil-soluble principal component of curcumi-
nods; it is considered as the major element of food ingredient and Indian Ayurvedic 
medicine. Many preclinical studies have proven that curcumin elicit pronounced 
antitumor, antioxidant, anti-infl ammatory, antidiabetic, and antimicrobial properties 
commonly used by rural peoples in the prevention and treatment of several diseases 
[ 153 ]. Extensive studies have been recorded on the anticataractogenic activity of 
curcumin on sodium selenite-induced rat model. Manikandan et al. [ 117 ] reported 
that the generation of free radicals such as O 2  − , OH − , and NO are the major causative 
agents that turn off the antioxidant defense mechanism. Hence the deterioration of 
respiratory inhibitors indicates a jeopardized normal physiology of the lens metabo-
lism. Pretreatment with curcumin effi ciently suppressed the ROS generated when 
induced with selenium when compared to simultaneous and posttreatment strate-
gies. Administration with curcumin also conserved the antioxidant status of the 
liver, kidney, and serum [ 118 ]. Sodium selenite induction impairs Ca 2+ , Na + /K +  
ATPases that contributes to the elevated calcium levels, activation of calpain prote-
ases, and imbalance of electrolytes. However, the treatment with curcumin likely 
protects the active sites of ATPases. 

 The accretion of peroxynitrite validates the fact that sodium selenite not only 
kindles oxidative stress but evokes nitrosative stress as well. In reality, the inducible 
iNOS are more critical reactive nitrogen species since they are generated in large 
quantities and fi les massive assault on the thiol groups of cytosolic proteins. The 
iNOS generated can directly jeopardize the vulnerable thiol groups of lenticular 
protein. The administration of curcumin circumvents the nitrosative stress and pro-
tects the lens tissues from nitrosative stress [ 154 ]. However, the solubility and rela-
tive bioavailability recounts curcumin to be a poor candidate for therapeutic needs. 

 A group of researchers have derivatized curcumin with aldehydes like sali-
cyladehyde and benzaldehyde by Knovenegal condensation to yield two deriva-
tives of CD1 and CD2, respectively. These derivatives are effectual in subduing 
the shifts induced by sodium selenite and also sustained their activity of the anti-
oxidant defense system. Besides the attenuation of cataractogenesis, both the 
derivatives displayed the fundamental antiradical scavenging property also. The 
presence of an additional phenolic OH group in CD1 is considered as a free radical 
quenching active center and accounts for the appreciable antioxidant property of 
the derivative [ 155 ]. 
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  Vitex negundo  is a naturally occurring herb that exhibited anti-infl ammatory, 
analgesic, and antihistamine properties. The fl avonoid fraction incurred from 
 V. negundo  exhibits a wide range of lenticular protective mechanisms. Flavonoids 
are excellent scavengers of free radicals and can perform as a better antioxidant; this 
facet bestows the anticataractogenic potential of the FVN [ 156 ]. Reactive oxygen 
species developed in the lenticular tissue was probed by 2′, 7′-dichlorofl uorescein 
diacetate (oxidant-sensitive probe). The measure of ROS generated was accelerated 
in the sodium selenite-induced lens tissue that refl ected in the fl uorescent intensity 
of oxidant probe. However, the fl avonoid fraction of  V. negundo  actively scavenged 
the ROS generated as that of the standard antioxidant quercetin [ 138 ]. Free radical- 
mediated lipid peroxidation was inhibited by the FVN and further progression of 
damage to the vital lenticular proteins was suppressed. The loss of protein activity is 
in accordance to the fact that the calpains undergo rapid auto degradation in response 
to calcium overload [ 157 ].  V. negundo  extract has the ability to positively modulate 
the antioxidant enzyme activities such as SOD, CAT, Gpx, and GR. GSH is the 
prime target of sodium selenite, which is almost depleted on induction of cataract. 
Luteolin, an active constituent present in  V. negundo  is a key factor that defended 
against ROS generation and conserved the GSH at near normal levels [ 138 ]. 

 IR3G is identifi ed as a bioactive component isolated from  Cochlospermum reli-
giosum . IR3G by the virtue of its inherent antioxidant acquit protected the lens pro-
tein from selenite cataractogenesis by maintaining the Ca 2+ ATPase activity, preventing 
oxidative stress, accumulation of calcium, and prevention of lipid peroxidation [ 135 ]. 

 Drevogenin D, an aglycone of volubiloside A has been isolated from  Dregea 
volubilis . This compound testifi ed potent activity in maintaining the calcium homeo-
stasis and related calpain activation. In spite of selenite cataract induction, the Ca 2+  
ATPase were maintained at near normal levels. Substrate gels testifi ed and attested 
the casenolytic function of calpain and Lp82 were conserved on treating the lenses 
with appropriate dosage of Drevogenin D [ 158 ]. The triterpenoid acts as an equipo-
tent antioxidant by critically conserving the sulfhydryl oxidation of Ca 2+  ATPase 
thereby averting the dysfunction of the calcium homeostatic machinery [ 120 ]. 

 Proanthocyanidin extracted from grape seed exhibit a broad range of pharmaco-
logical and therapeutic activities against free radicals both in in vitro and in vivo 
models. In corroboration with the earlier fi ndings, the proanthocyanidin extracted 
from grape seeds inhibit the calpain activation caused due to selenite and have shown 
to protect the antioxidant enzyme modules, which has the ability to protect against 
selenite-induced cataractogenesis proven by histomorphology study [ 142 ]. According 
to Zhang and Hu [ 142 ], the proanthocyanidin inhibits the incidence of cataract in 
dose-dependent manner by the reduction in the generation of NO and iNOS. 

 Apricots contain carotene which protects the cellular components from oxidative 
damage. The other utilitarian components of apricot are Vitamin E, Vitamin C, iso- 
cloregonic acid, caffeic acid, 4-methyl catechol, chlorogenic acid, catechin, epicat-
echin, catechol, fl avonols, and p-coumaric acid [ 159 ]. Investigations on the 
anticataractogenic effect of apricots in a selenite model revealed its positive 
 modulatory effect on the lens morphology, antioxidant enzymes, and total nitrite 
levels [ 111 ]. The data substantiates the antioxidant potential of the components 
present in apricots which synergistically promotes its anti-cataract potency.  
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16.4.1.3     Synthetic Drugs 

 Chemically synthesized compounds pose on inherent ability to block the active sites 
of key enzymes and proteins. Recent evidences have suggested the potent role of 
NAC has excellent singlet oxygen scavenging, anti-peroxidase activity leading to 
delay the onset of age-related cataract. NAC was established to penetrate the cornea 
and maintain a longer therapeutic concentration after application as ophthalmic sus-
pension [ 160 ,  161 ]. Clinical interventions on cataracteous patients cleared the visual 
opacities and conserved visual functions [ 162 ,  163 ]. Taking the intracellular buffer-
ing, sustained release of carnosine of NAC into account, it can be contemplated that 
 L -carnosine released from NAC is an antiglycating antioxidant that potentially 
evades lipid peroxides, singlet oxygen, hydroxyl radicals thereby preventing opaci-
ties at the initial event of cataractogenesis. 

 As mentioned earlier aldolase reductase is the rate limiting enzyme in the polyol 
pathway demonstrated to lead the accumulation of sorbitol. Researchers have 
focused on in silico-based drug designing complementary to the active site of this 
particular enzyme. Aldose reductase inhibitors restrain glycation-related protein 
modifi cation that can substantially delay or prevent the onset and development of 
diabetic complications. Calpain, a calcium-dependent cysteine protease is activated 
on loss in calcium homeostasis, whose over activation is entailed in cleavage of 
preferred calpain substrates such as cytoskeletal protein and regulatory protein. 
Exogenous administration of calpain inhibitors are being investigated for their 
potent part in averting cataract. Macrocyclic aldehydes, CAT811 [ 164 ], CAT505, 
and CAT0059 [ 165 ], have been demonstrated to elicit effi cient activity against 
ovine-inherited cataract model. SJA6017, another candidate of the calpain inhibitor 
cadre, has been proven as a potent inhibitor by in silico approach and animal 
experimentation [ 166 ]. These inhibitors can be applied as alternative drug to 
prevent/therapy for cataract without surgery.   

16.4.2     Management of Cataract 

 Comprehensive assessment of prevalence studies, blind registries, and records on 
cataract surgical rate has proven that cataract remains the prime cause of blindness 
worldwide. However, as of now there is no drug treatment for cataract, but sight can 
be restored by the surgical removal of the opacifi ed lens and implantation of an 
intraocular lens. Promising therapy, that can prevent or delay the formation of cata-
ract, could probably unleash the burden on surgical eye care. Anecdotal evidence 
and randomized clinical trials have pondered on the channelization of modifi able 
risk factors especially smoking, alcoholism, diabetes, administration of steroids, 
and UV exposure. Age-related cataract can be addressed by medical, environmen-
tal, and nutritional approaches. Numerous scientifi c evidences suggest that daily 
intake of balanced food constituting low calorifi c value, fruits, vegetables, whole 
grains, nuts, and legumes; polysaturated fats and regular walking practices may 
delay the formation of cataract during life span [ 167 ]. 
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16.4.2.1     Cataract Surgery 

 Predominantly surgeons suggest surgical removal of the cataracteous lens as the 
appropriate and the only possible treatment of cataract. Cataract surgery is indi-
cated/recommended for patients when the visual ability reduces the overall function 
and quality of life. Early detection and surgery, optical rehabilitation, and close 
follow-up are essential for good outcome. Cataract extraction surgery is performed 
in two modes, ECCE and ICCE/phacoemulsifi cation. Following cataract extraction 
visual acuity of the patient mainly relies on the type and method of intraocular lens 
implanted. The propensity for postoperative infl ammation, fi brin reaction, infec-
tions, capsular opacifi cation, endophthalmitis, glaucoma, retinal detachment, and 
vitreous hemorrhage is well pronounced in surgery. Pristine extraction of cataract is 
wholly bestowed to the skill of the surgeon. Prevention of cataract is an ideal 
approach in developing and third world countries, due to ineffi cient cataract surgery 
and additional issues such as medical accessibility, lack of technical experts and 
sophisticated instrumentation, high surgical cost, postsurgical problems, and inde-
terminate length of waiting time. Hence, a basic understanding of the etiology of 
cataractogenesis, effective health-related studies, public awareness, suitable alterna-
tive preventive/therapeutic drug development to prevent cataract or delay the cata-
ract development is most essential.       
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    Chapter 17   
 The Effects of Lutein in Preventing Cataract 
Progression 

             Rijo     Hayashi    

17.1             Introduction 

 Oxidation has been reported as one of the important causes of cataract formation. 
The decreases of antioxidative substances, such as Cu,Zn-superoxide dismutase 
(SOD), reduced glutathione (GSH), and  L -ascorbic acid, have been reported in the 
cataractous lenses [ 1 – 3 ]. Antioxidants are presumed to be effective in the prevent-
ing cataracts. Several studies report the decreased prevalence of cataracts with 
dietary antioxidant nutrients, such as vitamin C [ 4 – 6 ] and vitamin E (Vit E, [ 7 ]).  

17.2     General Information of Lutein 

 Among antioxidant nutrients, lutein is a noteworthy antioxidant that is proven to be 
effective in preventing age-related macular degeneration [ 8 ]. Also, lutein has been 
reported the decreased risk of cataract formation [ 9 ,  10 ]. Lutein and zeaxanthin are 
the only carotenoids that have been proven to exist in the lens [ 11 ] and they are not 
evenly distributed. The concentrations decrease from the epithelium to the nucleus 
[ 12 ]. These two xanthophylls are characterized by the presence of a hydroxyl group 
attached to each of the two terminal β-ionone rings in the molecule thus making 
them more hydrophilic than other carotenoids, such as α-carotene, β-carotene, and 
lycopene. The hydrophilic properties allow lutein and zeaxanthin to react with 
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singlet oxygen that is generated in the aqueous phase more effi ciently than other 
nonpolar carotenoids [ 13 ]. 

 Dietary lutein and zeaxanthin are absorbed by the intestinal mucosa, reach the 
circulating blood, and subsequently taken up by hepatocytes to be incorporated into 
other lipoproteins, such as low density lipoprotein, then transported to various tis-
sues [ 14 ]. It has been reported that a single dietary dose of lutein reaches peak 
concentration in the serum at approximately 16-h post-ingestion [ 15 ] and the con-
centration in the serum reaches a consistent level after 1–3 months of dosage [ 16 ]. 

 It has been reported that macular lutein concentration increases with dietary 
lutein supplementation [ 17 ] and serum lutein [ 18 ], which suggests the defi nite 
transmission for dietary lutein into ocular tissue. The uptake of carotenoids into the 
intestine and transfer to the eye is known to be highly variable [ 19 ]. There are sev-
eral factors affecting the absorption of lutein, including age, body composition, and 
gender [ 20 ,  21 ]. 

 Several in vitro studies have investigated and support the antioxidant effects of 
lutein. Lutein has been reported to decrease intracellular H 2 O 2  accumulation by 
scavenging superoxide and H 2 O 2  [ 22 ]. It has also been reported that supplementa-
tion with lutein can effectively block H 2 O 2 -induced protein oxidation, lipid peroxi-
dation, and DNA damage in lens epithelial cells (LECs) [ 23 ]. It is reported that 
carotenoids are effective antioxidants, especially at a low partial pressure of oxygen 
such as in the lens [ 24 ,  25 ].  

17.3     Epidemiological Studies on Relationship Between 
Cataract and Lutein 

 Several epidemiological studies have indicated that a decreased risk of cataracts is 
associated with a high dietary intake of lutein [ 7 ,  10 ,  26 ,  27 ]. Studies have also 
indicated the decrease of cataracts in patients with higher serum lutein [ 10 ,  27 ]. 
However, others studies did not reveal a statistically signifi cant association between 
lutein and cataracts [ 28 – 31 ]. 

 There are several factors that may infl uence the results of these epidemiological 
studies. First, some studies were cross-sectional [ 29 ,  30 ]. These studies investi-
gated serum lutein levels and cataract severity simultaneously, which may mean 
that the cause–effect relationship is not completely comprehensive. Second, most 
of the previous epidemiological studies measured the amount of antioxidant nutri-
ents contained in food in which the dosage of lutein varies. For example, the 
amount of lutein intake in the study by Vu et al. was less than half of that in other 
studies [ 9 ,  26 ]. Third, some studies investigated the frequency of cataract surgery 
[ 28 ] instead of the grades of cataract when surveying the effects of antioxidant 
nutrients. The performed cataract surgery depends on the individual demand, and 
the surgery may not accurately represent the severity of the cataract. Overall, most 
of the previous studies investigated the correlation between the grades of cataract 
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and the intake amount or serum levels of antioxidant nutrients from different indi-
viduals. Confounding factors, which are also important causes of cataract forma-
tion, such as genetic factors, could interfere with the results when comparing the 
effects of nutrition among different individuals.  

17.4     Our Studies on Lutein and Cataract 

 To control the possible confounding factors that may interfere the correlation 
between lutein and cataract described above, we conducted studies that investigated 
the anterior capsule from the same patients before and after intake of antioxidant 
supplement, Ocuvite + lutein ®  [ 32 ]. By measuring the anterior capsule of lens sam-
pled from both eyes of the same patient, the individual factors, such as gene, ultra-
violet irradiation, and nutrition, can be controlled. Also, the amount of nutrients can 
be controlled by taking from supplement. Most of all, the oxidative status in the 
anterior capsule of lens are good indicators for oxidation in lens. In our studies, we 
measured the mRNA expression of antioxidative enzymes in anterior capsule before 
and after intake of antioxidant supplement. 

 Measuring changes in the synthesis of antioxidative enzymes after taking a sup-
plement may be important for verifying the effectiveness of antioxidant supplemen-
tation in cataract prevention. Because the fi rst stage of protein synthesis is initiated 
by mRNA transcription, measuring changes in mRNA expression may indicate 
changes in the synthesis of certain proteins, such as antioxidative enzymes. 
Therefore, measuring changes in the mRNA expression levels of antioxidative 
enzymes in the lenticular anterior capsule, which mostly occur in LECs, may be 
important for verifying the effects of antioxidant supplementation on the oxidation 
in the lens, thus, on the prevention of cataracts. 

 In one of our previous studies, we measured the mRNA expression levels of 
glucose-6-phosphate dehydrogenase (G6PDH) and 18S rRNA (18S) in the anterior 
capsules of lenses from cataract patients before and after taking the antioxidant 
supplement Ocuvite + lutein ® . 

17.4.1     Methodology 

 The composition of the antioxidant supplement used in this study, Ocuvite + lutein ® , 
is described in Table  17.1 .

   Thirteen patients, seven male patients (mean ± SD age, 69.9 ± 4.3 years) and six 
female patients (mean ± SD age ,  79.8 ± 9.6 years) were included in the study. The 
informed consents were given according to the tenets of the Declaration of Helsinki. 
Approval from the institutional human experimentation committee was also granted. 
All of the patients had the same WHO classifi cation and the same type of lens opacity 
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  Table 17.1    The composition 
of Ocuvite + lutein ®   

 Substance  Amount 

 Lutein  6.0 mg 
 Vitamin C  300.0 mg 
 Vitamin E  60.0 mg 
 Vitamin B 2   3.0 mg 
 β-carotene  1,200.0 μg 
 Niacin  12.0 mg 
 Zinc  9.0 mg 
 Selenium  45.0 μg 
 Copper  0.6 mg 
 Manganese  1.5 mg 

in both eyes. Patients with ocular complications, such as uveitis and retinopathy, 
were excluded. Patients with systemic diseases, such as diabetes, were also excluded. 

 Central pieces of the anterior capsule measuring 5 mm in diameter were  collected 
before and after supplementation as pre- and post-intake samples continuous curvilinear 
capsulorhexis during cataract surgery. Three tablets (the recommended daily dosage) of 
Ocuvite + lutein ® , the antioxidant supplement, were administered orally every day 
beginning the day after the fi rst surgery for 6 weeks. Both the pre- and post-intake 
samples were frozen immediately after collection and stored at −80 °C until measured. 

 The anterior capsule pieces were homogenized and proteolyzed using MagNa 
Lyser Green Beads (Roche). The RNA was purifi ed with the MagNa Pure Compact 
RNA Isolation Kit (Roche). Using a Transcriptor High Fidelity cDNA Synthesis Kit 
(Roche), cDNA was reverse transcribed by the Gene Amp PCR system 9700 (AB). 
The cDNA of the control RNA (both positive and negative control RNA included 
with the kit) was also reverse transcribed at the same time. Using the cDNA, 
Universal ®  Probes (Roche) and primers (Nihon Gene Research, Inc.), which are 
shown in Table  17.2 , the mRNAs of G6PDH and 18S were quantifi ed using the 
Light Cycler ®  LC480 (Roche) for RT-PCR.

   The expression level of each mRNA was represented as a Cp value, where Cp 
was defi ned as the threshold cycle of RT-PCR at which the amplifi ed product was 
detected. The Cp values were calculated based on a standard curve that was deter-
mined from an internal standard and the control RNA for each substance. The 
mRNA levels of each substance were indicated relative to internal standard and 
control RNA.  

17.4.2     Results 

 In post-intake samples, the expression levels of G6PDH and 18S were signifi cantly 
increased (Fig.  17.1 ). Both genders had the same tendencies. However, a signifi cant 
difference only existed among the female patients. There were no differences 
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  Fig. 17.1    In post-intake 
samples, the expression levels 
of G6PDH and 18S were 
signifi cantly increased. Both 
genders had the same 
tendencies. However, a 
signifi cant difference only 
existed among the female 
patients. There were no 
differences between genders 
in pre- or post-intake samples       
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between genders in pre- or post-intake samples. There were no signifi cant 
 correlations between the expression levels of 18S in the pre- and post-intake 
 samples (Fig.  17.2 ). However, the tendencies toward lower expression of 18S in the 
pre-intake samples and higher expression of 18S in the post-intake samples were 
shown in both genders.   

 There were signifi cant positive correlations between G6PDH and 18S expression 
levels in the post-intake samples among male patients (Fig.  17.3 ). G6PDH expres-
sion increased by more than four times and 18S expression almost doubled in the 
post-intake samples compared with the expression levels in the pre-intake 
samples.   
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  Fig. 17.2    There were no 
signifi cant correlations 
between the expression levels 
in the pre- and post-intake 
samples. However, the 
tendencies toward lower 
expression of 18S in the 
pre-intake samples and higher 
expression of 18S in the 
post-intake samples were 
shown in both genders       
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17.4.3     The Effects of Increases in Expression of G6PDH 

 As the lens is under the anaerobic status, the pentose phosphate cycle is more impor-
tant than TCA cycles for energy production from glucose in the lens. G6PDH is 
known as the rate-determining enzyme of the pentose phosphate cycle, thus the 
increase in gene expression of G6PDH in the post-intake samples may indicate the 
activation of the pentose phosphate cycle followed by an increase of NAD(P)H in the 
LECs. Glutathione reductase (GR) is activated due to an increase in the level of coen-
zyme NAD(P)H, leading to an increase in the level of GSH. Thus, the increasing 
GSH and GR in turn increase the scavenging of peroxides after supplement intake. 

 G6PDH showed signifi cantly higher expression levels in the post-intake samples 
from the female patients more signifi cantly than those from the male patients. Innate 
antioxidative abilities decrease in elderly female patients due to hormonal  imbalance. 
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  Fig. 17.3    There were signifi cant positive correlations between G6PDH and 18S expression levels 
in the post-intake samples among male patients. G6PDH expression increased by more than four 
times and 18S expression almost doubled in the post-intake samples compared with the expression 
levels in the pre-intake samples       
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Estrogens are known to have antioxidant effects [ 33 ,  34 ] due to direct scavenging of 
free radicals [ 35 ] and upregulation of antioxidative enzymes [ 36 ]. In postmeno-
pausal female patients, peroxidation increases because of dramatically decreased 
levels of estrogen. Moreover, NAD(P)H from the pentose phosphate cycle is a coen-
zyme in the estrogen antioxidation cycle which continuously regenerates the anti-
oxidative potential of estrogens [ 37 ]. After supplement intake, an increase in 
G6PDH is thought to increase NAD(P)H to compensate for the decrease in estrogen 
among the postmenopausal female patients in this study.  

17.4.4     The Effects of Increases in Expression of 18S 

 The 18S is the active center of protein synthesis in the 40S ribosomal subunit. The 
increased expression levels of 18S in post-intake samples suggest an increase in the 
transcription and synthesis of proteins and enzymes, including enzymes involved in 
the pentose phosphate cycle. Furthermore, the amount a product of the pentose phos-
phate cycle, ribose-5-phosphate (R5P), may also increase with G6PDH after supple-
ment intake. R5P is necessary for nucleic acid synthesis and is related to the production 
of the ribosome. Therefore, gene transcription is possibly activated and increased with 
the increase in G6PDH. This is another possible mechanism for the proportional 
increase in 18S expression and G6PDH expression after taking the supplement.   

17.5     Conclusion 

 The mRNA expression of G6PDH increased with 18S proportionally in cataractous 
lenses after intake of the supplement including lutein. It suggests the antioxidative 
effect of lutein in the lens and that may be effective in preventing the progression of 
cataract formation.   
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    Chapter 18   
 Antioxidant Defense Network in the Lens 
and Benefi ts of Glutathione Prodrugs 
in Cataracts 

             Shakila     Tobwala    ,     Humeyra     Karacal    , and     Nuran     Ercal    

      Abbreviations 

   ATP    Adenosine triphosphate   
  BSO     L -Buthionine-(S,R)-sulfoximine   
  CAT    Catalase   
  G6PD    Glucose-6-phosphate dehydrogenase   
  GPx    Glutathione peroxidase   
  GR    Glutathione reductase   
  GRx    Glutaredoxin   
  GS    Glutamine synthetase   
  GSH    Glutathione   
  GST    Glutathione- S -transferase   
  LPO    Lipid peroxidation   
  MDA    Malondialdehyde   
  Msrs    Methionine sulfoxide reductases   
  NAC     N- acetylcysteine   
  NACA     N- acetylcysteineamide   
  PSSC    Protein-S-S-cysteine   
  PSSG    Protein-S-S-glutathione   
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  PSSP    Protein-S-S-protein   
  PUFAs    Polyunsaturated fatty acids   
  ROS    Reactive oxygen species   
  SOD    Superoxide dismutase   
  TR    Thioredoxin reductase   
  Trx    Thioredoxin   
  TTase    Thioltransferase   

18.1           Human Lens 

18.1.1     Morphology 

 The human lens is located behind the iris and pupil in the anterior compartment of the 
eye. It is a clear, asymmetric oblate spheroid that does not have any nerves or vessels 
after fetal development [ 1 ]. The functions of the lens are to maintain its own clarity, 
refract light, and provide accommodation. It depends on the aqueous humor and vitre-
ous to meet its metabolic requirements as well as to clear its waste [ 2 ]. The lens is 
suspended by the zonules of Zinn which attach to the non-pigmented epithelium of the 
pars plana and pars plicata of the ciliary body. It contributes 20 diopter (D) of the 60 D 
focusing power of the average adult eye. The equatorial diameter of the lens is 6.5 mm 
at birth and increases to 9–10 mm in diameter in later life, while its antero-posterior 
width is about 3 mm at birth and increases to 6 mm at 80 years of age [ 2 ]. Histologically, 
the lens has three components: capsule, epithelium, and lens substance [ 1 ]. 

  Capsule  The lens capsule is a transparent, elastic basement membrane composed 
of Type IV collagen, laminin, heparin sulfate proteoglycan, fi bronectin, and entac-
tin, which are laid down continuously throughout life by the epithelial cells. The 
lens is formed by lamellae (fi brils) stacked on top of each other and serves as the 
point of attachment for the zonular fi bers supporting the lens. The capsule is made 
up of the basal membranes of the lens epithelium anteriorly and the basal mem-
branes of the lens fi ber cells posteriorly. The thickness of the capsule depends on 
the age and the region of the capsule. The thickest region is close to the equator 
on the anterior and posterior surfaces and measures 23 μ, whereas the posterior pole 
is the thinnest with 4 μ. 

  Lens Epithelium  The lens epithelium is a single line of epithelial cells behind the 
lens capsule, extending to the equatorial lens bow. These cells are mitotic and meta-
bolically active, synthesizing DNA, RNA, protein, and lipid. They supply the 
energy demands of the lens substance by generating adenosine triphosphate (ATP). 
The germinative zone is where the lens epithelial cells are formed. Newly formed 
cells migrate toward the transitional zone while they differentiate into fi bers and 
then move to the bow region where terminal differentiation takes place [ 2 ]. Terminal 
differentiation entails an increase in cellular proteins in the fi ber cell membranes 
and the loss of organelles, including nuclei, mitochondria, and  ribosomes. 
This process is important for the transparency of the lens. However, these cells are 
now dependent on glycolysis for energy production [ 2 ]. 
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  Lens Substance  The lens substance, which makes up the main mass, is composed 
of densely packed fi bers with little extracellular space. An adult lens has a nucleus 
and a cortex, although these are histologically indistinct [ 1 ]. The nucleus is further 
divided into embryonic, fetal, infantile, and adult nuclei. As the lens fi bers are con-
tinuously laid down, the oldest fi bers make up the embryonic and fetal nuclei. As 
such, the outermost fi bers are the most recently formed and make up the cortex of 
the lens [ 2 ]. The region between the hardened embryonic and fetal nuclear core and 
the soft cortex is referred to as the epinucleus, while the perinuclear region makes 
up the area between the deep cortex and adult nucleus. 

 The Y shaped features which are visible on slit lamp bio-microscopy are formed 
by the overlap of the ends of secondary fi bers in each growth shell. They are found 
at both anterior (“erect” Y) and posterior poles (“inverted” Y) [ 1 ]. Multiple optical 
zones, as well as Y sutures are visible by slit lamp bio-microscopy. These zones of 
demarcation are due to the continuous layering of epithelial cells with different opti-
cal densities throughout life.  

18.1.2     Physiology 

 After the tunica vasculosa lentis involutes, the metabolic needs of the lens are met 
by the aqueous and the vitreous. The lens capsule is permeable to water, ions, and 
some proteins like albumin. These can permeate the tight junctions between the 
epithelial cells. There are different pumps, transporters, and channels that allow 
movement from the extracellular space in and out of cells. The junctions between 
epithelial-epithelial, epithelial-fi ber, and fi ber-fi ber allow exchange. Rapid endocy-
tosis has been described between epithelial cells and elongating fi bers [ 3 ]. The most 
important aspect of lens physiology is the mechanism controlling the electrolyte 
and water balance, which is essential for the transparency of the lens. 

  Transport of Ions  The lens has higher levels of potassium ions (K + ) and amino 
acids than the surrounding aqueous and vitreous. The lens, on the other hand, con-
tains lower levels of sodium ions (Na + ), chloride ions (Cl − ), and water than its sur-
roundings. The cation balance across the lens is maintained by its permeable cell 
membrane and by the sodium pumps within the cell membrane of the lens epithe-
lium and each lens fi ber. The sodium pump, which pumps sodium ions out while 
taking potassium ions in, is regulated by the Na + / K + -ATPase. Inhibition of this 
would elevate water content in the lens. 

 The pump-leak system of the lens combines active transport and membrane per-
meability. Potassium and other molecules, like amino acids, are actively transported 
into the lens through the anterior epithelium. These then diffuse out of the posterior 
side of the lens with the concentration gradient. Most of the Na + / K + -ATPase is found 
in the lens epithelium and the superfi cial cortical fi bers [ 4 ]. Chloride (Cl − ) is thought 
to be at equilibrium across the cell membrane, so its distribution is  controlled by the 
resting voltage. The movement of Cl −  ion is via carrier mechanism but chloride 
channels have been found in the fi ber plasma membrane [ 3 ]. In a normal lens, the 
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intraocular concentration of calcium (Ca 2+ ) is below 0.1 % of that found in the ocular 
fl uids. However, when the extracellular Ca 2+  concentration is high, Ca 2+  moves down 
the gradient to enter the cells through the cation channels and by receptor- mediated 
endocytosis. The low intracellular Ca 2+  concentration is maintained by calmodulin-
regulated Ca 2+ -ATPase and a Na + / Ca 2+  exchange mechanism. Also, Ca 2+  is seques-
tered at binding sites in the plasma membrane and cytosol. The endoplasmic 
reticulum, found in the epithelial cells and at the surface of cortical fi bers, store, Ca 2+  
by using a calmodulin-independent Ca 2+ -ATPase and another Ca 2+  channel, thereby 
removing the Ca 2+  from the cytoplasm. The pH gradient of the lens increases from 
the central nucleus to the peripheral layers. The intracellular pH of the lens is 7.0 [ 5 ]. 

  Amino Acid and Sugar Transport  Most amino acids are transported into a cell 
from the aqueous, an active transport that is mediated by the epithelial cell layer. 
The lens can also convert keto acids into amino acids. Amino acids are pumped into 
the lens though the anterior capsule and passively leak through the posterior cap-
sule, so that a steady state concentration is maintained [ 6 ]. 

 Optical isomers of sugars,  D -forms (except  L -arabinose), are selectively trans-
ported.  D -glucose is transported by insulin-independent facilitated transport, with 
most of the glucose entering from the aqueous. Transporters are found in the epithe-
lial cells, and the fi bers.  L -glucose passively diffuses and is found only in epithelial 
cells and outer cortical regions [ 7 ]. 

  Electrophysiology  The membrane potential of the human lens decreases from 
−50 mV at age 20 to −20 mV at age 80. Epithelial cells have three K +  selective chan-
nels. Contrary to intracellular voltage, the extracellular voltage changes from the 
center toward the surface of the lens [ 3 ]. The Cl −  ion also plays a role in the control 
of transmembrane voltages [ 8 ], which create currents around the lens. The K +  ions 
create an outward current around the equator, whereas Na +  ions create an inward 
current both at the anterior and posterior poles [ 9 ].  

18.1.3     Chemical and Molecular Composition of the Lens 

  Membranes  The chemical composition of the lens fi ber plasma membranes are satu-
rated fatty acids, high cholesterol/phospholipid, and a high concentration of sphin-
gomyelin. Lipids make up only 1 % of the total lens mass, but they constitute 55 % 
of the plasma membrane’s dry weight. As the lens ages, the protein:lipid and 
cholesterol:phospholipid ratios increase due to loss of phospholipids, mainly in the 
nucleus [ 10 ]. 

  Lens Proteins  The lens has the highest protein ratio in the body at 33 % of its wet 
weight. There are two kinds of lens proteins, depending on their water solubility: 
crystallins are the water-soluble fractions of the young lens and account for 80 % of 
lens proteins. They play an important part in the transparency of the lens and 
 refractive properties. Apart from crystallins, there are enzymes and regulatory pro-
teins that are found primarily in the epithelium and in immature fi ber cells where 
there is high metabolic activity [ 10 ]. 
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  Crystallins  Crystallins are subdivided into α- and β,γ-crystallins. α-crystallins, 
which represent one third of the lens proteins by mass, are the largest of the crystal-
lins, with a molecular mass of 600–800 kDa. There are two α-crystalline subunits, 
αA and αB. α-crystallin is a member of a small heat-shock protein family. α-crystallin 
complexes bind to denatured proteins and thus prevent protein aggregates; other-
wise, the lens transparency would be lost. 

 β,γ crystallins are divided into two groups, based on their isoelectric points and 
molecular mass. The β-crystallins make up 55 % (by weight) of the water-soluble 
proteins. They are made up of polypeptides which form dimers and higher order 
complexes in their native state. β-crystallins can be separated into βH (high molecu-
lar mass) and βL (low molecular mass) fractions by gel chromatography. γ-crystallins 
are the smallest of the crystallins, and make up 15 % of adult lens proteins. These 
have the lowest molecular mass as they do not associate with each other or other 
proteins. The basic structures of the β- and γ-crystallins have been maintained 
through the evolution of vertebrates. Taxon-specifi c crystallins are described in 
various other animals [ 10 ]. 

  Membrane Structural Proteins and Cytoskeletal Proteins  The water-insoluble 
fractions of lens proteins are either soluble or insoluble in 8 M urea. The urea- 
soluble lens proteins, that provide the structural framework of cytoskeleton, are 
comprised of microtubules (microfi laments similar to those found in other cell 
types), and two unusual intermediate fi laments. One is vimentin, which is not found 
in epithelial cells, and the other is beaded fi laments (composed of phakinin and 
fi lensin proteins) which are specifi c to the lens. 

 The urea-insoluble fraction of the human lens is found in the plasma membranes 
of the fi ber cells in the lens. Major intrinsic protein (MIP, also known as aquaporin 
O) makes up 50 % of membrane proteins. MIP is expressed only in lens fi ber cells 
and regulates water transport [ 11 ].   

18.2     Cataracts 

18.2.1     Clinical Manifestations 

 Clinical manifestation of cataracts include: decreased visual acuity, increased glare, 
decreased contrast sensitivity, myopic shift, color shift, monocular diplopia or poly-
opia, and loss of visual fi eld [ 12 ,  13 ]. 

 Cataracts primarily cause concentric loss of visual fi eld. Patients could realize 
decreased vision themselves, or visual problems might be recognized during an 
examination, especially if only one eye is involved or if the degree of cataracts in 
both eyes is asymmetric. The decrease in visual acuity depends on the type of 
 cataract as well [ 13 ]. Decreased contrast sensitivity is also a manifestation, which 
may not be readily recognized by the patient, yet it provides a better estimate of the 
visual resolution of an eye. However, contrast sensitivity is not a very specifi c mea-
sure of visual disability caused by a cataract. 
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 Increased glare is one of the most common and early complaints of patients with 
cataracts because of increased sensitivity to glare, which is caused by the scattering 
of light. Glare is more obvious when viewing oncoming car headlights in the dark 
or in the rain. This becomes more prominent with a posterior subcapsular type of 
cataract [ 13 ]. 

 Nuclear cataract formation causes a myopic shift in the refractive index of the 
lens. This may lead to what is called “second sight”; as a person develops a nuclear 
cataract, the myopic shift enables the person to read up close [ 13 ]. Nuclear opacities 
in the lens absorb the blue end of the spectrum and this leads to poor hue discrimina-
tion [ 13 ]. Furthermore, double or multiple images of the same object is caused by 
the lower refractive index formed by the cortical spokes and water clefts in the lens, 
as compared to the surrounding lens [ 12 ].  

18.2.2     Clinical Classifi cation 

 Senile cataracts are classifi ed as nuclear, cortical, and posterior subcapsular; com-
bined forms of these can also occur. 

  Nuclear Cataracts  Most people past middle age have nuclear sclerosis and yel-
lowing of the lens. Progressive sclerosis and yellowing lead to a nuclear cataract, 
causing a central opacity (Fig.  18.1 ). In very advanced cases, the lens nucleus 
becomes opaque and brown and is called a brunescent cataract. This may interfere 
with the retinal photopic function [ 14 ].  

  Cortical Cataracts  Cortical spokes (wedge shaped opacities) form in the periph-
ery of the lens with the pointed end of these spokes oriented toward the center 
(Fig.  18.1 ). Changes in the ionic composition of the lens cortex with hydration of 
the lens fi bers lead to the formation of cortical spokes [ 14 ]. 

  Fig. 18.1    Slit lamp photo of ( a ) age-related cortical cataract; ( b ) age-related nuclear cataract       
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  Posterior Subcapsular Cataracts  ( PSC ) PSCs, which are located in the posterior 
cortical layer may later turn into a granular and plaque-like opacity. PSCs are asso-
ciated with posterior migration and enlargement of lens epithelial cells. They can 
occur due to aging as well as trauma, systemic or topical steroids, infl ammation in 
the eye (uveitis), and exposure to ionizing radiation [ 14 ].  

18.2.3     Etiology and Risk Factors 

 There are limited ways of repair and regeneration for a lens, and, thus, it may lose 
its transparency due to many different factors. 

  Aging  Aging is a very common cause of cataract formation. The pathogenesis is 
multifactorial. The nucleus of a lens becomes compressed and hardened by the 
addition of cortical fi bers. During aging, crystalline lens proteins are changed by 
chemical modifi cation and they aggregate into high molecular weight proteins. The 
aggregation of lens proteins reduces transparency and causes a yellowish pigmenta-
tion. Increased concentration of sodium and calcium together with decreased potas-
sium and GSH are other age-related changes [ 14 ]. 

  Physical and Environmental Factors  Physical factors like trauma and electric 
shock can lead to cataract formation. A lens may react to penetrating and non- 
penetrating chemical injuries and intralenticular foreign bodies in different ways. If 
the capsule of the lens is intact, a cataract forms; if the capsule is ruptured, water 
enters into the lens and a mature cataract forms [ 15 ]. If the lens is penetrated by a 
foreign object, the capsule may heal and a localized capsular opacity may form. 
Unless a seal forms, a severe infl ammatory response may occur in the eye. A lens 
can also be damaged by lightening or accident. Voltages as low as 220 V may cause 
cataract formation [ 15 ]. 

 Exposure to metals and cigarette smoke may also lead to cataract formation. 
Copper, for example, may form deposits in the eye from eye drops, from a copper- 
containing foreign body, or due to Wilson’s disease (autosomal recessive defi ciency 
of ceruloplasmin). These patients develop a typical sunfl ower cataract [ 16 ]. Iron 
forms deposits in the lens epithelium and iris leading to cataract and iris heterochro-
mia [ 15 ], whereas gold forms deposits on the lens capsule and epithelium causing 
an anterior capsular cataract [ 15 ]. Cigarette smoke affects the eye mainly through 
ischemic or oxidative mechanisms. Both cataract development and age-related mac-
ular degeneration are directly accelerated by smoking [ 17 ]. 

 The lens is very sensitive to radiation, including, ionizing, nonionizing, ultravio-
let, and even microwave radiations. Although there is a long period of latency before 
the clinical appearance of a cataract, younger patients are more susceptible as they 
have more actively growing lens cells [ 14 ]. Ionization of water and the formation of 
free radicals, as well as hydration of electrons, damage cell membranes causing 
transcriptional errors and altering protein synthesis. The lens equatorial fi bers that 
have high mitotic rates are affected and posterior subcapsular opacities form. 
Nonionizing radiation, i.e., infrared radiation, causes cataracts in glassblowers and 
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furnace workers. A localized temperature rise of the iris pigment epithelium causes 
exfoliation of the anterior lens capsule [ 15 ]. UV radiations are also known to gener-
ate free radicals, which generally causes nuclear cataract. Interestingly, microwave 
radiation has been shown to cause cataracts in laboratory animals. 

  Medicinal Drugs  Use of a number of medicinal drugs have been associated with 
cataract formation, including corticosteroids, phenothiazines, anticholinesterases, 
mitotic drugs, busulfan, amiodarone, and chloroquine.  S ystemic, topical, subcon-
junctival, and nasal steroid sprays can all cause cataracts, predominantly posterior 
subcapsular cataracts [ 14 ]. Chlorpromazine, a phenothiazine can generate free radi-
cals leading to cataract formation. Initially, yellow-brown granules form under the 
anterior capsule and develop into stellate opacities [ 15 ]. Anticholinesterases, which 
were used for the treatment of chronic angle closure glaucoma, were shown to cause 
anterior subcapsular vacuoles. Busulfan, which is used in the treatment of leukemia 
may lead to posterior subcapsular cataracts, whereas amiodarone, which is used for 
cardiac arrhythmias, is known to cause visually insignifi cant anterior subcapsular 
opacities as well as corneal deposits [ 18 ]. Chloroquine, an antimalarial drug, causes 
white, fl ake-like posterior subcapsular cataracts [ 15 ]. 

  Ocular Disorders  Ocular disorders are also a risk factor for developing cataracts. 
Retinitis pigmentosa (RP), which is an inherited retinal dystrophy caused by the 
loss of photoreceptors, is characterized by typical posterior subcapsular cataracts 
[ 19 ]. Patients with gyrate atrophy, an autosomal recessive slowly progressive cho-
rioretinal dystrophy, present with nyctalopia and limited peripheral visual fi elds. 
They also develop cystoid macular edema and cataracts [ 20 ]. Degenerative myopia 
is a major risk factor for posterior subcapsular, cortical, and nuclear cataracts [ 21 ]. 
Ciliary body tumors may also cause cataracts. These tumors may not be recognized 
behind a cataractous lens, which may lead to a delayed diagnosis. Ocular ischemia, 
another risk factor for cataract development, is characterized by vision loss, orbital 
pain, and changes of the visual fi eld. Both anterior and posterior segment signs may 
be present. Anterior segment signs include iris neovascularization and secondary 
neovascular glaucoma, iridocyclitis, asymmetric cataracts, iris atrophy, and slug-
gish reaction to light [ 22 ]. Cataracts and glaucoma are the main complications of 
viral anterior uveitis due to the herpes simplex virus/varicella zoster virus (HSV/
VZV), cytomegalovirus (CMV), and rubella [ 23 ]. Both intraocular infl ammation 
and steroid therapy for infl ammation can cause cataracts to form. 

 About a third of congenital cataracts is hereditary and is not associated with any 
systemic or metabolic disorder. Some of these may be associated with trisomy 13, 
18, 21 and cri du chat syndrome [ 15 ]. The incidence of infantile cataracts is about 
0.4 % of newborns [ 15 ]. These are important because, if unrecognized, they may 
lead to amblyopia, strabismus, and nystagmus. The causes of infantile cataracts may 
be maternal infections like rubella, systemic diseases, hereditary disorders, and 
local ocular disease. 

 Nutritional defi ciencies have been demonstrated to cause cataracts in animal 
models; however, this has not been confi rmed in humans [ 14 ]. One of the major risk 
factors for cataract formation is any type of intraocular surgery. Although there are 
numerous systemic disorders that are known to cause cataracts, they are beyond the 
scope of this chapter and, therefore, are not discussed here.   
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18.3     Oxidative Stress and Cataract Formation 

18.3.1     Oxidative Stress 

 Oxidative stress, the loss of balance between the antioxidant defense and oxidant 
production in cells, has been implicated in the etiology and pathogenesis of cata-
racts and other eye disorders. Reactive oxygen species (ROS), a byproduct of cel-
lular respiration and metabolism, are known to play a dual role as both deleterious 
and benefi cial species. They are important physiologically in cellular signaling 
pathways and as defense against infectious agents and induction of mitogenic 
responses [ 24 – 28 ]. Their production is tightly regulated by various enzymes; how-
ever, overproduction of ROS, either through photooxidation or metabolic processes, 
can damage cell structures, including DNA, lipids, and proteins [ 25 ,  26 ,  29 ]. Balance 
between the dual roles of ROS is crucial and is achieved by redox regulation. 

 ROS can be generated endogenously or exogenously from the environment. The 
endogenous sources include mitochondria, peroxisomes, lipooxygenases, NADPH 
oxidase, and cytochrome P450. Leakage of electrons from complexes I and III of 
the electron transport chain in mitochondria is the major source of ROS in cells 
[ 30 ]. In addition to producing ROS, mitochondria are also a target for ROS which, 
in turn, reduces mitochondrial effi ciency and leads to the generation of more ROS, 
a vicious self-destructive cycle. Exogenous sources include ultraviolet light, ioniz-
ing radiation, smoke, chemotherapeutics, infl ammatory cytokines, environmental 
toxins, and hyperoxic environments [ 31 ,  32 ]. However, due to its anatomical locale, 
the lens is constantly exposed to light and radiation and is more vulnerable to these 
exogenous sources of ROS. 

 The superoxide radical (O 2  •− ), hydroxyl radical (OH • ), singlet oxygen ( 1 O 2 ), and 
hydrogen peroxide (H 2 O 2 ) are the most commonly formed ROS in a cell. Other 
oxygen-derived radicals like peroxyl (ROO • ) radical and protonated superoxide 
(HO 2  • ) are also formed in living systems. Although, there are numerous types of 
ROS, the most reactive and damaging species are those that are free radicals due to 
the presence of unpaired valence electrons. The O 2  •−  is the primary ROS which, in 
turn, generates secondary ROS species by dismutation to H 2 O 2  and eventually OH • . 
H 2 O 2  is a mild oxidizing agent which is relatively stable. However, the OH •  formed 
by Haber-Weiss reaction is very reactive with a short in vivo half-life of approxi-
mately 10 −9  s [ 33 ]. When OH •  is produced, it reacts with macromolecules in its 
proximity resulting in lipid peroxidation as well as oxidation of proteins and 
nucleic acids. 

 Oxidation is the hallmark of many types of cataracts and plays a fundamental 
pathogenic role in their formation. Clinical and experimental studies have provided 
substantial evidence that ROS and the resulting oxidative damage are the key con-
tributing factors to the development of a variety of cataracts [ 34 – 40 ]. Signifi cant 
physiological and biochemical changes indicating oxidative damage in cataractous 
lenses have been identifi ed by comparisons of the lipid compositions, protein and 
DNA modifi cations, and concentrations of antioxidants in cataractous and clear 
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lenses [ 40 – 42 ]. Photooxidation [ 43 ,  44 ], xenobiotics [ 45 – 48 ], and impaired 
 enzymatic and nonenzymatic defenses in the eye lens are some of the factors that 
contribute to oxidative stress [ 49 – 53 ]. 

 In addition, hyperbaric oxygen therapy and oxidative stress produced similar 
biochemical changes and promoted cataract formation [ 54 ,  55 ], which substantiates 
the hypothesis that oxidative stress is involved in the pathogenesis of cataracts. 
A direct link between excessive oxygen exposure and nuclear cataracts has also 
been documented in some studies [ 55 – 58 ]. Elevated levels of O 2  •− , H 2 O 2 , OH • , nitric 
oxide (NO), and glutathione disulfi de (GSSG), peroxides, depletion of GSH, and 
oxidation of methionine and cysteine moieties in cataractous lenses, all indicate the 
involvement of ROS and RNS in cataract formation [ 59 – 65 ]. 

 Under normal physiological conditions, the metabolically active cells of the lens 
have very high levels of antioxidants, like GSH and a series of defense mechanisms 
that protect it from the harmful effects of oxidations. These systems provide ample 
protection for the tissues against oxidation and various chemical modifi cations. 
However, under unusual stress, these defenses may not be suffi cient to deter oxida-
tive damage and visual impairment.  

18.3.2     Oxidative Damage 

 Free radicals are generated by self-propagating chain reactions that involve initia-
tion, propagation, and termination of free radicals. However, uncontrolled genera-
tion of free radicals results in oxidation of macromolecules and, eventually, in the 
disruption of function and integrity of the cell. The lens is subjected to oxidative 
stress throughout life, especially because of its anatomical locale, and is one of the 
leading causes of cataracts, especially maturity-onset cataracts [ 66 – 68 ]. Oxidation 
of proteins, lipids, and DNA has been implicated in cataractogenesis [ 69 – 73 ]. 
Furthermore, damaged macromolecules in a mature lens accumulate in the inner 
region as only the peripheral tissue is metabolically active [ 67 ,  68 ,  74 – 76 ]. This 
limited ability of fi ber cells to repair themselves makes the lens susceptible to dam-
age that can lead to the accumulation of protein, lipid, and DNA modifi cations in 
nucleated lens cells [ 67 ]. 

  Protein Modifi cations  A lens has an unusually high concentration of protein, 
about 35 % of its wet weight, although it may be as high as 50 % in the nuclear 
region. A majority of these proteins are crystallins, which are structural proteins 
with a high level of thiol groups in a reduced state [ 74 ]. α-crystallins help maintain 
the proper folded state of β-crystallins and γ-crystallins, which is crucial for 
 maintenance of lens transparency by acting as a molecular chaperone and binding 
to β-crystallins and γ-crystallins [ 77 ,  78 ]. Under physiological conditions, the lens 
utilizes its various antioxidant defenses to effectively protect itself and maintain a 
reduced state of thiols, which is essential for retaining clarity of the lens. However, 
under oxidative stress, excess ROS can react with several amino acid residues 
resulting either in modifi ed less active enzymes or in denatured nonfunctioning 
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 proteins [ 79 ,  80 ]. Sulfur-containing residues are the most susceptible ones to ROS 
attack. In addition, depletion of GSH leads to S-thiolation of lens proteins by oxi-
dized nonprotein thiols to form protein-S-S-glutathione (PSSG), which is one of the 
initial events leading to conformational changes, including unfolding of crystallins 
and other modifi cations [ 81 ,  82 ]. These events are then followed by oxidation of 
methionines and cysteines and, subsequently, to the formation of protein-S-S- 
cysteine (PSSC) and protein–protein disulfi de (PSSP). Accumulation of the result-
ing high molecular weight insoluble aggregates results in cataracts [ 83 ,  84 ]. A 
progressive loss of protein sulfhydryl groups, together with increased oxidation of 
methionine residues, is observed with worsening cataracts until >90 % of the cyste-
ine and about 50 % of the methionine residues are oxidized in the advanced stages 
[ 84 ]. The amounts of PSSG and PSSC increase with age and are inversely propor-
tional to the free GSH pool [ 85 ]. Elevated levels of PSSG and PSSC have been 
reported in hyperbaric oxygen-induced nuclear cataracts in old guinea pigs [ 86 ]. 
Oxidative stress induces formation of PSSG or PSSC, irrespective of the type of 
stress [ 87 ,  88 ]. A positive correlation between the level of protein thiolation and 
nuclear opacity has also been reported [ 89 ]. 

 Oxidative damage to protein may lead to structural and functional changes, 
including conformational changes leading to inhibition of enzymatic and binding 
activities, fragmentation, denaturation, aggregation, altered gene regulation and 
expression, and modulation of cell signaling [ 90 ]. Crystallins and other proteins in 
lens fi ber do not regenerate during the lifetime of the lens and, therefore, formation 
of inter- and intra-molecular conjugates, resulting from oxidative damage, will 
result in aggregation and accumulation of these damaged proteins and lead to cata-
ract formation. 

  Lipid Peroxidation  Oxidative stress, resulting from overproduction of ROS 
together with impaired enzymatic and nonenzymatic defenses of the lens, is believed 
to initiate lipid peroxidation (LPO), a causative factor in the mechanism of catarac-
togenesis. LPO is a widely accepted mechanism of cellular injury and lipid perox-
ides are used as markers of oxidative damage in cells and tissues. The LPO chain 
reaction is initiated by the formation of a lipid radical through hydrogen abstraction 
from a methylene carbon on a polyunsaturated fatty acid (PUFA) by an OH • . The 
resulting carbon-centered lipid radical rearranges and readily reacts with molecular 
oxygen in an aerobic environment to form a ROO • . These radicals are unstable and 
rearrange through cyclization to form endoperoxides and, eventually, a complex 
series of compounds, including a reactive carbonyl compound, of which malondial-
dehyde (MDA) is the most abundant [ 91 ,  92 ]. ROO •  can also abstract hydrogen 
from the side chains of neighboring PUFAs, and form hydroperoxides. 
Hydroperoxides are toxic and may react with transition metals to form stable 
 aldehydes like MDA that damage the cell membranes. This results in the propaga-
tion of the chain reaction which subsequently damages cytosolic, as well as mem-
brane proteins [ 47 ,  51 ,  93 – 95 ]. LPO has been reported to cause changes in membrane 
function, including increased permeability [ 96 – 99 ], inactivation of Na +  / K + -ATPase 
and Ca 2+ -ATPase [ 100 ,  101 ], and increased membrane rigidity. Furthermore, they 
may damage the lens by cross-linking with proteins and nucleic acids and also by 
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disturbing the cellular thiol-redox status by depleting the total GSH content, which 
may lead to formation of protein aggregates with low solubility in the lens matter 
[ 102 ,  103 ]. Accumulation of these LPO products has been observed in the aqueous 
humor (AH) samples as well as in the lens membranes of some patients with cata-
racts [ 51 ,  104 ,  105 ]. 

  DNA Damage  ROS are reported to be mutagenic and can oxidatively damage 
DNA [ 106 – 108 ] by causing strand breaks and modifi cations of bases, including the 
oxidation of guanine residues into 8-hydroxy 2-deoxyguanosine (8-OHdG). 
Extensive DNA damage has been reported in the epithelial cells of cataractous lens 
[ 71 ,  106 ]. Mutations in the epithelial cells may lead to loss of transparency as they 
differentiate into fi ber cells. The 8-OHdG is the most extensively studied DNA lesion 
and is a sensitive biomarker of oxidative DNA damage which can aid in the early 
diagnosis and treatment of patients with eye disorders [ 109 ,  110 ]. The extent of DNA 
damage and rate of repair depend on the nature of DNA-damaging agents [ 107 ].   

18.4     Antioxidant Defense Network in the Lens 

 Because lenses are constantly exposed to light, they are extremely vulnerable to 
oxidative damage. However, they have several mechanisms that provide protection 
against oxidative stress and help maintain their redox state. Several layers of defense 
are employed to help prevent damage and to repair, recover, or degrade damaged 
molecules. These include nonenzymatic (e.g., GSH, ascorbic acid, vitamin E, and 
carotenoids) as well as enzymatic (e.g., superoxide dismutase, glutathione peroxi-
dase, and catalase) systems. However, both of these defense networks are compro-
mised with age and in cataracts [ 50 ,  83 ,  111 – 115 ]. In addition, lens cells contain 
enzymes that can repair damaged lens proteins. 

18.4.1     Non Enzymatic Defense 

 Glutathione (γ-glutamylcysteinylglycine; GSH) and ascorbate serve as the primary 
nonenzymatic defenses against oxidative stress in the lens. In addition, vitamin E 
and carotenoids also provide some protection against oxidative stress. 

  Glutathione  GSH is a tripeptide containing amino acids, glutamate, cysteine, and 
glycine (Fig.  18.2 ). An unusual γ-linkage between glutamate and cysteine prevents 
GSH from being readily hydrolyzed resulting in considerable stability of GSH 
within the cell. GSH is synthesized by the action of the two enzymatic processes. 
First, glutamate and cysteine are linked together through a gamma peptide bond by 
γ-glutamylcysteine synthetase (γ-GCS) to form γ-glutamylcysteine. In the second 
reaction, γ-glutamylcysteine reacts with glycine to form GSH by the enzyme gluta-
thione synthetase (GS). GSH synthesis is primarily dependent on GCS activity, cys-
teine availability, and GSH feedback mechanisms.  

S. Tobwala et al.



339

 GSH is the major thiol antioxidant (2–4 mM) and redox buffer in the lens [ 89 ]. It 
is the fi rst line of defense against exogenous and endogenous ROS. Maintenance of 
redox homeostasis is crucial for lens transparency and the lens possesses both bio-
synthetic and regenerating systems for GSH. There is a concentration gradient of 
GSH with highest levels in peripheral lens fi ber cells, where GSH is synthesized and 
reduced [ 63 ] from where it reaches the lens nucleus by diffusion from the surface 
cells [ 116 ]. GSH in the nucleus maintains the redox state of critical protein sulfhy-
dryls required for DNA repair and expression. Oxidation of GSH results in forma-
tion of GSSG and decreases the ratio of GSH/GSSG, an important parameter of 
oxidative stress. 

 GSH maintains cellular redox homeostasis and protects against oxidative stress 
by [ 117 ]: (1) acting as a cofactor for key antioxidant enzymes like glutathione per-
oxidase (GPx), glutathione transferase, (2) participating in amino acid transport 
through the plasma membrane, (3) scavenging OH •  radical and singlet oxygen 
directly, (4) detoxifying H 2 O 2  and lipid peroxides by the catalytic action of glutathi-
one peroxidase, and (5) regenerating Vitamins C and E. 

 GSH maintains the critical thiol groups in proteins involved in normal lens epi-
thelial functions, such as Na + /K + -ATPase, certain cytoskeletal proteins, proteins 
associated with normal membrane permeability, and proteins involved in signaling 
such as receptors, protein kinases, and some transcription factors in a reduced state. 
Functions of these critical proteins can be altered by formation of mixed disulfi des 
under oxidative stress when the GSSG content increases. 

 Decreased levels of GSH have been reported in a majority of the experimental 
cataracts [ 59 ,  63 ,  65 ]. Furthermore, depletion of lens GSH with age has been 
reported in rats [ 82 ] as well as in humans [ 113 ,  118 ]. A decrease in GSH is attrib-
uted to various factors, including inactivation of GR by disulfi de bond formation 
and protein unfolding, decreased de novo synthesis, its use in detoxifi cation, 
increased breakdown, or the failure to regenerate GSH from the oxidized form of 
GSSG [ 119 ,  120 ]. 

 Depletion of GSH leads to oxidation of protein sulfhydryl groups, resulting in 
the formation of intra- and inter-molecular cross-links. An increase in disulfi des has 
been reported in aging lenses due to a diminished GSH pool [ 121 ]. Mixed protein–
thiol and protein–protein disulfi de bonds have also been reported in lens proteins 
[ 81 ,  82 ,  122 ]. Damage to lens epithelial and fi ber cells in early postnatal mice, due 

  Fig. 18.2    Structure of glutathione (GSH)       
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to GSH depletion, has been observed [ 123 ,  124 ], but was prevented by pretreatment 
with GSH prodrugs like glutathione ester [ 124 ]. Lou et al. reported a negative cor-
relation between the level of GSH and nuclear opacity [ 89 ]. Formation of disulfi de 
bonds, due to depletion of GSH, is believed to be an initiating event in the pathogen-
esis of cataract formation following oxidative stress [ 82 ]. 

 The lens nucleus is highly susceptible to oxidative damage with age. Increased 
proportions of oxidized GSH in the nucleus are observed in older lenses as well as 
in nuclear cataracts [ 84 ,  86 ]. However, GSH levels in the outer cortex of the lens 
remain high, indicating local oxidation and reduced capacity of repair in the nucleus 
with age. With age, the lens enlarges and its cytoplasm stiffens, resulting in a lower 
rate of diffusion along with an increase in the distance that reduced GSH must dif-
fuse in order to reach the nucleus [ 125 ]. 

 Involvement of oxidative stress in cortical cataracts is not clear. Disruption of 
fi ber cell membranes, followed by disintegration of its cytoplasmic content, occurs 
in cortical cataracts. It is not clear whether oxidative damage causes disruption of 
the fi ber cells or if it occurs as a result of the loss of fi ber cell membrane integrity. 
Disruption of the plasma membrane would allow GSH and other antioxidants to 
diffuse out of the fi ber cells, resulting in the oxidation of the remaining cytoplasmic 
content. 

  Ascorbic Acid  ( Vitamin C ) An aqueous-phase antioxidant, ascorbate, plays a 
major role in protecting against oxidative stress, especially in a lens where its con-
centration (1 mM) [ 126 ] is 30–35 times that of the plasma [ 127 ]. In addition to its 
antioxidant effects, its high concentration in the aqueous humor in diurnal animals 
protects the lens against the cataractogenic effect of ultraviolet (UV) radiation in 
sunlight by absorbing the radiation [ 128 ]. Ascorbate is a water-soluble reductant 
that not only absorbs UV light, but reacts with hydrogen peroxide, oxygen, and free 
radicals of oxygen [ 127 ]. A high level of ascorbic acid decreases the amount of 
oxygen in the vitreous by reacting with it and forming dehydroascorbate, which 
spontaneously hydrolyzes, thereby preventing the regeneration of ascorbate by cel-
lular metabolism. Lower ascorbate levels and decreased oxygen consumption have 
been reported in patients with advanced vitreous liquefaction or previous vitrec-
tomy due to the increased mixing of the vitreous, which exposes more of the ascor-
bate to oxygen. Vitamin C supplements have been reported to delay or prevent 
cataracts in several studies [ 129 – 132 ]. 

  Vitamin E  Vitamin E, one of the major chain-breaking, lipid-soluble antioxidants 
of cellular membranes, has four common forms: α-tocopherol, β-tocopherol, 
γ-tocopherol, and δ-tocopherol. Among these, α-tocopherol is the most effective scav-
enger of free radicals. The concentration of Vitamin E in the lens, unlike ascorbate, is 
very similar to that in plasma [ 133 ]. However, due to its lipid soluble nature, it is pri-
marily concentrated in the lens fi ber membrane, increasing its concentration by sev-
eral orders of magnitude [ 134 ]. Vitamin E is a component of the total ROO •  radical 
trapping antioxidant system [ 135 ]. It protects against cataracts by (a) reacting directly 
with ROO •  and O 2  •−  radicals and singlet oxygen, preventing photoperoxidation of lens 
lipids, and stabilizing lens cell membranes [ 136 ,  137 ] and (b) enhancing GSH recy-
cling, thereby maintaining reduced GSH levels in the lens and aqueous humor. 
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  Carotenoids  Like Vitamin E, carotenoids are natural lipid-soluble antioxidants. 
Lutein, zeaxanthin, and ribofl avin, the major carotenoids in the lens that are related 
to lens health, act as antioxidants by quenching singlet oxygen and triplet sensitiz-
ers, interacting with free radicals, and preventing lipid peroxidation. Low oxygen 
tension is reported to enhance the antioxidant activity of carotenoid’s, which act 
synergistically with other antioxidants, like Vitamin C, to protect against oxidative 
damage to the lens.  

18.4.2     Enzymatic Defenses 

 Several key antioxidant enzymes help maintain the redox status in the lens. These 
include superoxide dismutase (SOD), catalase, glutathione peroxidase (GPx), and 
glutathione reductase (GR). SOD represents the only enzyme family with activity 
against O 2  •−  radicals. Eukaryotes possess two SOD isoforms: 80-kDa tetrameric 
Mn-SOD in mitochondria and the 32–34 kDa dimeric Cu/Zn-SOD in the cytosol 
[ 138 ]. Mitochondrial SOD is extremely important in combating ROS, as O 2  •−  is 
formed in relatively high concentrations in the mitochondria due to the leakage of 
electrons from the respiratory chain. SOD converts O 2  •−  radicals into a less reactive 
species, H 2 O 2 , which is detoxifi ed by two enzymes: catalase and GPx. Catalases are 
heme-containing enzymes which decompose H 2 O 2  to water and oxygen and specifi -
cally use H 2 O 2  as a substrate. On the other hand, GPx (a selenoenzyme) can decom-
pose H 2 O 2  as well as other organic peroxides and requires GSH. The proposed 
catalytic mechanism [ 139 ] involves oxidation of the active site selenolate (Se − ) to 
selenenic acid (SeOH), which is transformed to a selenenylsulfi de adduct with glu-
tathione (Se-SG) upon addition of one molecule of GSH. Active selenolate is regen-
erated by the addition of a second molecule of GSH, resulting in the formation of 
GSSG. In addition, H 2 O 2  can be degraded nonenzymatically by reduced GSH. The 
resulting GSSG is converted back to its reduced form by GR using NADPH as a 
cofactor [ 83 ]. In addition to the enzymes that help maintain the normal redox status 
of the lens, glucose-6-phosphate dehydrogenase (G6PD) is a major enzyme involved 
in protecting against ROS. G6PD catalyzes the fi rst reaction of the pentose phos-
phate pathway, which is the conversion of glucose-6-phosphate to 6-phosphoglucono- δ  
lactone by reducing NADP +  to NADPH. A second molecule of NADPH is gener-
ated in the next step of the pathway, catalyzed by another enzyme, 6- phosphogluconate 
dehydrogenase (6PGD). By these reactions, the cellular level of NADPH that is 
required for biosynthetic processes and protection against oxidative damage in the 
lens, are suffi ciently maintained. Under conditions of oxidative stress, the pentose 
phosphate pathway increases to meet the higher demands of NADPH needed by the 
GSH protective system. However, a decreased effi ciency of the pentose phosphate 
pathway can make the lens more vulnerable to oxidative injury. 

 Redundancy in the antioxidant defense enzymes provides additional protection 
against harmful peroxides and, therefore, animals lacking either catalase or GPx-1 
appear normal [ 140 ,  141 ]. Interestingly, sensitivity to oxidative stress varies in these 
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knockout animal models, with lenses from GPx-1 null mice being a little more 
 sensitive to oxidative stress than the catalase knockout mice. Furthermore, lenses 
from SOD-1 (CuZn-SOD)-null mice appear normal, but they are more prone to 
develop photochemical cataracts [ 142 ].  

18.4.3     Repair Enzymes 

 Repair enzymes play a key role in minimizing oxidative stress, along with antioxi-
dant enzymes, by constantly dethiolating the protein–thiol mixed disulfi des (protein 
thiolation) or protein–protein disulfi des that result from oxidative insults. This helps 
restore the functions and activities of lens proteins. Oxidative stress can cause sev-
eral protein modifi cations, including oxidation of methionines, oxidation of cyste-
ines, and cross-linking of proteins through amino acids other than cysteine, which 
results in high molecular weight insoluble aggregates that are characteristic of cata-
racts [ 84 ,  143 ,  144 ]. The following three enzymes play a major role in the repair of 
proteins with oxidative damage: 

  GSH - Dependent Thioltransferase  ( TTase )  or Glutaredoxin  ( GRx ) This is a mem-
ber of the thiol-disulfi de oxidoreductase enzyme family with two isozymes: cyto-
solic TTase-1 (GRx1) and mitochondrial TTase-2 (Grx2) [ 145 ,  146 ]. It catalyzes the 
dethiolation of protein–thiol mixed disulfi des [ 147 ] by using GSH as a cofactor. It 
is essential for maintaining the thiol-disulfi de homeostasis in the lens by repairing 
the thiolated proteins [ 148 ], regulating GSH-dependent protein activity [ 149 ], and 
by preventing lens proteins from cross-linking. 

 Since thiolation is an initial way of protecting proteins from irreversible damage, 
a delicate balance between thiolation and dethiolation of proteins is crucial; TTase-1 
is a key enzyme involved in the regulation of the ratio of intracellular SH/-S-S. TTase 
is a major antioxidant defense enzyme that is distributed in most ocular tissues 
[ 150 ]; however, it is two to threefold times higher in the epithelial layer. The iris has 
been shown to have the highest activity, followed by conjunctiva, corneal epithelial 
cells, and corneal endothelial cells [ 89 ]. Moderate activity has been demonstrated in 
the ciliary body, lens epithelial cells, and the retina, but none has been detected in 
the vitreous body. A striking feature of this enzyme is that it is resistant to oxidative 
stress under conditions where other thiol sensitive defense enzymes fail [ 151 ]. 
A higher concentration of this enzyme in the anterior segment of the eye (which is 
more vulnerable to oxidative stress) indicates the crucial protective role of TTase 
against oxidative stress-induced damage. In addition to dethiolation, these enzymes 
also act as dehydroascorbate reductase and reduce dehydroascorbate [ 152 ] in the 
presence of GSH. These enzymes prevent cataract formation by reducing dehydro-
ascorbate (DHA), which is known to be toxic to the lens and can induce cataract 
formation [ 153 ]. Overexpression of thioltransferase in human lens epithelial cells 
(HLE B3) protected against oxidative stress induced by low levels of H 2 O 2  [ 154 ]. In 
addition, Grx2 prevented disruption of the mitochondrial transmembrane potential 
during oxidative stress in lens epithelial cells [ 155 ]. 
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  NADPH - dependent thioredoxin / thioredoxin reductase system  ( Trx/TR system ) 
This system consists of two antioxidant oxidoreductases, namely: thioredoxin (Trx) 
and thioredoxin reducatse (TrxR). Trxs are small (10–12 kDa), ubiquitous proteins 
that catalyze the dissociation of disulfi de bridges between proteins [ 156 ] and the 
reduction of protein thiols that have been oxidized to sulfenic acid [ 157 ]. The redox 
activity of their conserved active-site motif (Cys-Gly-Pro-Cys-) is crucial for their 
function as an oxidoreductase [ 158 ]. Oxidized thioredoxin is, in turn, reduced by 
selenoenzyme TrxR that uses NADPH as a cofactor [ 159 ]. TrxR isozymes are 
homodimers with one FAD per subunit that reduces the active site disulfi de in an 
oxidized Trx [ 158 ,  160 ]. 

 Trxs play numerous roles, including supplying reducing equivalents to enzymes 
like ribonucleotide reductase, methionine sulfoxide reductase, etc., selectively acti-
vating transcription factors, altering gene transcription, and functioning as cell 
growth factors, and also as inhibitors of apoptosis [ 161 – 164 ]. 

 Oxidative stress induces the expression of Trx [ 165 ,  166 ], which is believed to 
protect against oxidative stress by (a) modulating signal transduction properties of 
ROS [ 167 ,  168 ], (b) scavenging radicals [ 169 ], (c) reducing intracellular disulfi des, 
(d) selectively modulating the DNA-binding of transcription factors like AP-1 [ 170 , 
 171 ] and NF-kB [ 172 ], (e) preventing apoptosis by binding to apoptosis signal- 
regulating kinase 1 (ASK-1) [ 173 ], (f) donating electrons to periredoxins, which are 
involved in the reduction of peroxides [ 174 ,  175 ], (g) reactivating partially oxidized 
and inactivated recombinant TTase [ 148 ], and (h) selectively inducing several anti-
oxidant gene expressions [ 176 ]. 

 TRx, a vital repair protein in the lens, is present in the epithelial, cortical, and 
nuclear regions of human lenses. However, the epithelial layer possesses three times 
more TRx 1 protein [ 159 ] than the other two regions since this layer is the initial 
target of oxidative insult. TrxR is present in the epithelial, as well as in the fi ber cells 
of human lenses [ 177 ]. Upregulation of TRx 1 under oxidative stress was reported 
in an Emory mouse lens exposed to photooxidation [ 178 ] and in HLE B3 cells 
exposed to H 2 O 2  [ 159 ]. This was believed to play a signifi cant role in protecting the 
lens against oxidative insults [ 159 ]. Decline in the expression of the human lens 
thioredoxin gene and its protein in the human lens, with advanced age, indicates an 
association between altered Trx1 and senile cataractogenesis [ 177 ]. 

  Methionine sulfoxide reductases  ( Msrs ) Msrs are a family of thioredoxin- 
dependent oxidoreductases that catalyze reduction of oxidized methionine to methi-
onine [ 179 ]. Two classes of Msrs, MsrA and MsrB, have been reported, which 
repair S- and R-epimers of methionine sulfoxide (MSO), respectively [ 180 ]. 

 Oxidation of methionine to methionine sulfoxides has been reported in 
 cataractous lenses [ 62 ,  64 ] and has been implicated in the etiopathogenesis of cata-
racts. Repair of oxidized methionine has been shown to protect against oxidative 
stress since oxidation of methionine may lead to signifi cant changes in protein 
structure and functions [ 180 – 182 ]. Msr activity has been reported in lenses [ 179 , 
 183 ] and both classes of Msrs protect lenses against oxidative stress-induced dam-
ages [ 183 ,  184 ]. Marchetti et al. provided evidence that MsrA is essential for cell 
viability and silencing it resulted in the loss of mitochondrial membrane potential 
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and increased ROS levels in human lens cells [ 185 ]. Furthermore, Kantorow et al. 
reported high levels of MsrA transcript and protein throughout the human lens and 
showed that MsrA was essential for lens cell viability and protected the lens even in 
the absence of oxidative stress [ 183 ]. Overexpression of MsrA in lens epithelial 
cells was reported to protect against H 2 O 2  mediated oxidative stress, whereas silenc-
ing of the MsrA gene using siRNA increased sensitivity to H 2 O 2  mediated oxidative 
stress in lens cells. In addition, MsrB which contributes about 40 % of Msr activity 
in the lens played an important role in protecting against tert-butylhydroperoxide 
(tBHP)-induced oxidative stress [ 184 ]. 

 Homeostasis of thiol/disulfi de in cells is synergistically regulated by the TTase 
and TRx systems [ 158 ]. There is cross talk between the Trx/TrxR and TTase sys-
tems, as evidenced from the fi nding that Trx can induce TTase1 and TTase2 mRNA 
expressions. TTase dethiolates protein–thiol mixed disulfi des, whereas TRx repairs 
enzymes and proteins that are oxidized to sulfenic or sulfunic acids. These enzymes 
act to restore cellular functions and energy production and, thereby, protect cells 
under oxidative stress. However, their activity is reported to decrease with age, 
which is one of the risk factors for cataracts. 

 Thus, a lens has several layers of primary protective mechanisms that help pro-
tect it against oxidative stress. However, when oxidative stress becomes overwhelm-
ing, a diminished pool of reduced GSH may cause a decrease in the ratio of the 
GSH/ GSSG, together with an impaired repair system. A decrease in total protein 
thiols, together with increases in protein–thiol mixed disulfi des (PSSG and PSSC) 
and protein–protein disulfi des result in the formation of high molecular weight pro-
tein aggregates, which are water insoluble and eventually cause light scattering and 
cataract formation.   

18.5     Treatment Options 

18.5.1     Surgery 

 The most common indication for cataract surgery is the patient’s desire for improved 
visual function. Surgery is not based on a specifi c level of visual acuity. The patient 
and the physician determine whether the reduced visual function interferes with the 
adult’s daily living (ADL) parameters [ 186 ]. 

 Preoperative evaluation includes assessment of the general health of the patient, 
pertinent ocular history, social history, and postoperative care. The examination 
starts with an external exam and is followed by slit lamp examination of the con-
junctiva, cornea, anterior chamber, iris, and lens. Fundus examination must be per-
formed to assess any posterior segment pathology. After a decision is made that the 
cataract surgery is indicated to improve visual function, preoperative measurements 
with biometry, corneal topography should be done to determine the intraocular lens 
implant power. Topical anesthesia mostly used during cataract surgery but, depend-
ing on patient factors, local or general anesthesia can be preferred. 
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 Extracapsular cataract extraction by nucleus expression involves removal of the 
lens nucleus and cortex through an opening in the anterior capsule, leaving the cap-
sular bag in place. Phaco-emulsifi cation is an extracapsular technique that uses an 
ultrasonically driven tip to emulsify the lens nucleus and aspirate the lens. 

 An incision is made in the sclera or clear cornea with a blade and special visco-
elastic materials are used to maintain the intraocular space during the surgery. 
A circular opening is created in the anterior capsule and a phaco tip is inserted 
through the scleral or corneal incision toward the lens. There is continuous irriga-
tion through the phaco tip so that ocular volume is maintained. The lens cortex is 
emulsifi ed by the phaco handpiece, which oscillates at a frequency of 27,000–
60,000 Hz. The melt is then aspirated through the handpiece. A femtosecond laser 
(1,053 nm wavelength) has been developed for creating corneal incisions, perform-
ing anterior capsulotomy, and fragmenting the nucleus; however, it is currently 
unable to completely emulsify the nuclear material. After the cortical and epinu-
clear materials are removed with a different handpiece, an intraocular lens implant 
is inserted within the capsular bag. 

 Today’s intraocular lenses (IOLS) have evolved considerably since the initial 
implant in 1949. Harold Ridley, an English ophthalmologist, observed that the poly-
methylmethacrylate (PMMA) fragments from an airplane cockpit windshield 
embedded in the eyes of pilots were tolerated in the anterior segment of the eyes 
[ 186 ]. This led to the idea that, when cataractous lens is removed, refractive power 
of the eye can be restored using an intraocular lens. 

 IOLS have undergone signifi cant changes in geometry (loops of different length, 
stiffness, vault and angle confi guration; optics of different diameter, holes, style, 
and shapes) [ 186 ]. Then, with the advent of small incision cataract surgery, came 
the foldable IOLS. The majority of current IOLS is foldable and is either silicone or 
acrylic. 

 Monofocal IOLS have the drawback of a fi xed focal point. Newer multifocal 
IOLS now offer refractive correction for near, intermediate, and distance vision at 
the expense of decreased contrast sensitivity, glare, and halos. Most IOLs have 
ultraviolet absorbing chromophores to protect the retina from radiation, while some 
IOLS have blue-blocker to prevent long-term damage to the retina caused by high 
frequency blue light. 

 The refractive power of IOLs should be specifi cally measured for each eye. IOL 
calculation is prone to some degree of error, but Light Adjustable Lens (Calhoun 
Vision) has currently been developed to circumvent this problem. The optic of the 
three piece foldable silicone lens is composed of an unpolymerized silicone matrix 
polymer, a polymerized macromer, a photo-initiator, and a UV-absorber. A digital 
light delivery device induces polymerization of the unpolymerized silicone. 
Irradiating the centre of the lens decreases the central curvature, with a resulting 
hyperopization of the IOL’s refraction, while irradiating the periphery of the IOL 
increases its central curvature, with a resulting myopization. After a few weeks, a 
fi nal lock-in of the IOL power is achieved [ 187 ]. 

  Cataract Surgery Outcomes  Modern cataract surgery has a very satisfying suc-
cess rates as indicated by one large study where 95 % of adults were satisfi ed with 
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the results of their surgery. Some tools assess how visual function is affected, 
including the VF-14 questionnaire and the Activities of Daily Vision Scale (ADVS), 
which is a measure of vision specifi c functional status [ 186 ]. Studies have shown 
signifi cant improvement in the quality of life parameters such as driving, mental 
health, life satisfaction, and community and home activities [ 186 ]. 

  Complications of Cataract Surgery  Complication rates of modern cataract sur-
gery are low, less than 5 %. Problems may occur during the surgery or in the imme-
diate or late postoperative period. Intraoperative complications are wound related 
like Descemet’s membrane detachment, thermal burns of the wound, and tears or 
breaks in the capsulotomy which may lead to extension of a tear toward the poste-
rior capsule with loss of lens material to the posterior segment. Others are iris pro-
lapse, hemorrhage in the retrobulbar space, anterior segment or suprachoroidal 
hemorrhage, and retained lens material. Some of these can be salvaged without loss 
of vision, while others like suprachoroidal hemorrhage may have grim conse-
quences. Postoperative complications are wound dehiscence, wound leakage, cor-
neal edema and bullous keratopathy, hemorrhage, uveitis, increased intraocular 
pressure, induced astigmatism, IOL decentration or dislocation, wrong IOL power, 
endophthalmitis, cystoid macular edema, macular infarction, retinal detachment, 
posterior capsule opacifi cation, and epithelial downgrowth [ 188 ]. Although, cata-
ract surgery is generally very successful, it should be kept in mind that it is not a 
risk-free procedure.  

18.5.2     Alternative Treatment Options: GSH Prodrugs 

 Cataracts are routinely treated by surgical replacement of lens, a safe and effective 
approach. Although this surgery is currently the accepted treatment, it requires a 
signifi cant and growing share of medical resources, especially through Medicare. 
Over three million procedures are performed in the United States each year at an 
estimated total cost of about $9 billion. In the face of the rapid increase in the preva-
lence of cataracts expected over the coming decades, an effective, nonsurgical treat-
ment to prevent and treat cataracts would represent a cost-effective therapeutic 
alternative. Investigators at the Tufts University School of Nutrition estimate that 
delaying the onset of cataracts by 10 years would reduce the number of cataract 
extractions by half. Since oxidative stress is implicated in the pathogenesis of a 
cataract, a logical approach to drug development would be the prevention of oxida-
tive damage to the lens. The lens, because of its anatomical location is subjected to 
signifi cant photooxidative stress, requiring elevated levels of cellular antioxidants to 
neutralize photochemically generated ROS. In the lens, GSH is the primary cellular 
antioxidant and plays a critical role in protecting the lens from the toxic effects of 
ROS. It is found in lens epithelial cells at levels almost twice that of other cells in 
the human body. A young lens has a high concentration of enzymes, such as ascor-
bate and GSH, but the ability of the cell to synthesize GSH declines with age. This 
results in decreased GSH levels that leave the lens more vulnerable to oxidative 
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damage and, eventually, cataract formation. Under conditions of chronic imbalance 
between antioxidants and ROS, oxidative damage results in structural perturbation 
of the crystallin proteins that comprise 90 % of the lens tissue and are responsible 
for maintaining its transparency. Since crystallins are long- lived stable proteins with 
minimal turnover, accumulation of oxidative damage leads to protein cross-linking, 
aggregation, insolubility, and fragmentation, resulting in the formation of cataracts. 
The important role of ROS and resulting oxidative damage in the development of 
various types of cataracts has been established by a number of studies. 

 The loss of antioxidants, such as GSH, that are critical to protecting eye tissue 
against oxidative stress, cannot be replaced directly. Instead, compounds that can 
easily pass into cells and result in increases in intracellular GSH levels are required. 
Therefore, a logical approach to enhancing antioxidant protection would be the use 
of pharmacologic doses of GSH prodrugs that can be delivered to the sites of dam-
age by ROS. Use of GSH prodrugs represents a method for preventing or delaying 
the onset of cataracts in high-risk populations and slowing or reversing disease 
 progression in patients who have these diseases (Fig.  18.3 ).  

 However, progress in this area has been modest. Although studies have indicated 
that GSH prodrugs like  N -acetylcysteine (NAC) may ameliorate the risk of cataracts 
[ 189 ], NAC is not highly bioavailable and does not readily penetrate into cells, 
thereby requiring fairly high doses that can increase the side effect profi le. Several 
other types of eye drops have been studied for counteracting oxidative stress, but 
most of these agents have signifi cant drawbacks for clinical use, such as short half- 
life, adverse side effects, thermolability, or poor bioavailability. 
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  Fig. 18.3    Postulated benefi cial role of GSH prodrugs in cataracts       
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 A potential candidate, that possesses far better characteristics for development as 
an ophthalmologic agent to address oxidative stress damage, is the low molecular 
weight thiol antioxidant,  N -acetylcysteineamide (NACA). NACA’s characteristics 
as a drug were improved over NAC by neutralizing the carboxylic group of NAC, 
which makes the NACA molecule more lipophilic and, therefore, enhances its abil-
ity to penetrate cellular membranes (Fig.  18.4 ).  

 Evidence of greater effi cient membrane penetration by NACA was demonstrated 
in a study that assessed NACA for its antioxidant and protective effects in a model 
using human red blood cells [ 190 ]. In addition, our own studies have demonstrated 
that NACA supplies signifi cantly more thiols in plasma and liver tissues than NAC 
does. The enhanced ability to penetrate cells allows NACA to be administered at a 
lower dose than NAC, giving the drug a greater therapeutic index and lowering the 
risk of side effects that traditionally have been associated with higher doses of NAC 
[ 191 ]. NACA is an excellent source of sulfhydryl (SH) groups that can be converted 
by the cells into metabolites capable of stimulating GSH synthesis. The molecule 
can also promote intracellular detoxifi cation and act directly as a free radical scav-
enger. NACA acts as a carrier of NAC and its antioxidant and free radical scaveng-
ing abilities are equal to or better than those of NAC [ 192 ]. While these features are 
promising, development of NACA has historically been avoided because of its lack 
of stability. Recently, a new chemical formulation process adequately addressed 
this problem. NACA now exists in a stable drug form that can be readily formulated 
into eye drops. 

 The effects of NACA on cataract development in our lab were evaluated in 
Wistar rat pups [ 193 ]. Cataract formation was induced in these animals with an 
intraperitoneal injection of a GSH synthesis inhibitor,  L -buthionine-(S,R)-sulfoxi-
mine (BSO). The pups were sacrifi ced on postpartum day 15, after examination 
under a slit-lamp microscope. Their lenses were analyzed for selective oxidative 
stress parameters, including glutathione (reduced and oxidized), protein carbonyls, 
CAT, GPx, GR, and MDA. The lenses of pups in both the control and the NACA- 
only groups were clear, whereas all pups within the BSO-only group developed 
well-defi ned cataracts. It was found that supplemental NACA injections during 
BSO treatment prevented cataract formation in most of the rat pups in the NACA + 
BSO group. Only 20 % of these pups developed cataracts, and the rest retained 
clear lenses (Fig.  18.5 ).  

  Fig. 18.4    The structures of  N -acetylcysteine and  N -acetylcysteineamide       
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 Further, GSH levels were signifi cantly decreased in the BSO-only treated group, 
but rats that received NACA injections during BSO treatment had these levels of 
GSH replenished. GSH levels were restored in rats to 90 % of that of the control 
groups during BSO exposure. 

 Supporting these data, it was observed that NACA caused an increase in GR 
activity in BSO-treated rats. Increases in GSH levels and the GSH/GSSG ratio may 
be attributed to the increased activity of GR by preserving the integrity of cell mem-
branes and by stabilizing the sulfhydryl groups of proteins. Further, NACA itself 
may act as a sulfhydryl group donor for GSH synthesis thereby decreasing the loss 
of protein sulfhydryl groups, as well as opacifi cation of the lens. NACA was also 
able to reduce MDA levels by supplying an adequate amount of GSH as a substrate 
for glutathione peroxidase to effectively decompose lipid peroxides in the rats. 

 Oxidative damage to proteins, as refl ected by protein carbonylation, was signifi -
cant in BSO-treated animals and this was reversed by NACA. NACA was also able 
to restore both CAT and GPx to those levels seen within the control group. The pos-
sible mechanism for the restored CAT activity in BSO-exposed rats, when treated 
with NACA, may be the scavenging of free radicals by NACA. However, further 
investigation is needed to confi rm this theory. Increased GPx activity is probably 
due to higher levels of GSH, which GPx uses as a substrate for its action. 

  Fig. 18.5    Images of cataract formation, utilizing a slit-lamp microscope at 10× original magnifi -
cation and a digital camera in macro mode are shown. These pictures were taken when the rat pups 
were 15 days of age, 1 day before sacrifi ce. A representative picture of the lenses observed for each 
group is shown. ( a ) Control lens ( b ) BSO-only lens ( c ) NACA-only lens ( d ) NACA + BSO lens       
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 In summary, these results strongly suggest that GSH prodrugs have the ability to 
protect against, or to delay, the onset of cataract formation by reducing oxidative 
damage. NACA could confer a protective effect by providing a substrate for the 
generation of GSH and the ability to maintain antioxidant levels within the lens and, 
possibly, through disulfi de-exchange mechanisms. 

 The development of a useful GSH prodrug eye drop would signifi cantly improve 
patient health and the clinical care of cataracts. Slowing the onset of cataract forma-
tion, or arresting the progression of the disease in its early stages, would mean that, 
in many cases, surgery could be avoided completely. Finally, a successful outcome 
to this research would provide additional momentum for research on antioxidant- 
based approaches to treating degenerative eye conditions. For example, in the case 
of cataract care, treatment broadly targets immune or infl ammatory pathways, and 
emphasis would be shifted toward pharmacology rather than surgical intervention, 
which is better for patients. 

 Benefi cial effects with GSH prodrugs support the hypothesis that depletion of 
GSH is an important step in the pathogenesis of cataracts and supplementation of 
GSH would be an effective noninvasive, cost-effective therapeutic option for both 
prevention and treatment of cataracts. Developing new therapeutics to both pre-
vent cataract formation in high-risk populations and nonsurgically treat early stage 
cataracts will present great opportunities as well as challenges for researchers in 
the fi eld.      
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    Chapter 19   
 Updates and Advances in Corneal Surgery 

             Alex     W.     Cohen     

19.1             Introduction 

 Corneal transplantation is a very successful means for restoring vision to those 
affl icted by any number of diseases. While the cornea is a very thin structure, it has 
three anatomically distinct layers each of which can be affected by a disease  process. 
Pathology confi ned to the surface epithelial layer can usually be treated medically 
or with minor surgical procedures and rarely results in corneal transplantation. 
Diseases of the thicker corneal stromal layer often result in opacifi cation of the 
visual axis or loss of structural integrity and the development of irregular astigma-
tism. Dystrophies such as lattice corneal dystrophy and granular corneal dystrophy 
occur because of defects in keratocyte collagen production and result in opaque 
deposits in the central cornea. Keratoconus is a multifactorial progressive disease, 
resulting in corneal warpage and ectasia. The abnormal corneal contour can no lon-
ger refract light appropriately, leading to distorted and reduced vision. When these 
diseases become severe enough, they require either a full thickness corneal trans-
plant or an anterior lamellar transplant to replace the defective tissue. Diseases of 
the corneal endothelium are perhaps the most common reason for corneal transplan-
tation currently. The endothelial cells are terminally differentiated and function to 
maintain a clear compact cornea. When these cells are lost, the corneal stroma 
begins to swell and eventually opacify, resulting in reduced vision. Endothelial cells 
can be affected by trauma, surgery, and genetic disease. While cataract surgery has 
come a long way in the past 50 years, it does result in endothelial cell death and in 
some cases, corneal edema. Fuchs corneal dystrophy is a state in which the 

        A.  W.   Cohen ,  M.D., Ph.D.      (*) 
  Dean McGee Eye Institute ,  University of Oklahoma , 
  608 Stanton L. Young Blvd ,  Oklahoma City ,  OK ,  USA   
 e-mail: Alex-Cohen@dmei.org  

mailto: Alex-Cohen@dmei.org


364

endothelial cells die off more rapidly that in a normal eye. In addition, as the cells 
die, they leave behind small excrescences, called guttata, at the level of Descemet’s 
membrane that can result in visual decline. Diseases confi ned to the corneal 
 endothelium can be selectively targeted for replacement with the new corneal trans-
plant techniques outlined below.  

19.2     Body 

 The fi rst successful full thickness corneal transplant was performed by Dr. Eduard Zirm 
in 1905 [ 1 ]. This occurred after centuries of theoretical discussion regarding the topic as 
well as years of failed attempts at transplantation in animal models. During the ensuing 
decades, several other key ophthalmologists, including Ramon Castroviejo, advanced 
and refi ned the technique [ 1 ,  2 ]. Despite these many advances however, the overall con-
cept of the technique remained largely the same. That is, regardless of the layer of cor-
neal pathology, the entire full thickness of the cornea was replaced (Fig.  19.1 ).  

 From external to internal, the cornea consists of a thin epithelial layer with its asso-
ciated underlying Bowman’s layer. Deeper to the epithelium lies the cornea stroma 
which makes up the majority of the corneal substance. This is composed of a disparate 
population of keratocytes interspersed between layers of collagen. The most internal 
structure is a single layer of endothelium, which rests upon its basement membrane, 
called Descemet’s membrane. The average thickness of a human cornea is about 
550 μm. Despite its small size, pathology can be limited to a single layer of the cornea. 
For example, Fuchs Dystrophy results in primary endothelial cell loss, which, in 
advanced states produces corneal edema and decreased vision. Despite the fact that the 
pathology is initially confi ned to one layer of the cornea, for many years the surgical 
therapy involved a full thickness penetrating keratoplasty (PKP). While largely suc-
cessful, PKP can be fraught with both intraoperative and postoperative complications. 

PKP

DSEK/DSAEK

DMEK

  Fig. 19.1    Graphical representation of various surgical procedures. The blue area depicts the donor 
tissue. In a PKP the entire thickness of the central cornea is replace. In a DSEK/DSAEK the host 
Descemet’s membrane is removed and replaced with donor Descemet’s membrane and about 150 μm 
of donor stroma. In the DMEK the host endothelium is replaced with only donor endothelium       
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The eye is a pressurized system and a rapid decrease in this pressure, as is caused by 
the corneal incision in PKP, can result in intraocular or suprachoroidal hemorrhage 
and loss if intraocular contents. Postoperatively, the success of transplantation requires 
intensive topical steroid use. This can result in cataract formation and glaucomatous 
optic neuropathy. The localized immunosuppression also puts the recipient at risk for 
bacterial and fungal corneal infections which can be visually devastating. 

 The concept of lamellar corneal transplantation, or replacing just a layer of the 
cornea, is not new [ 2 ]. Early attempts at corneal transplantation included lamellar 
surgery in animals as well as in humans. In 1838, Richard Sharp Kissam attempted 
to transplant the anterior portion of a pig cornea onto a human cornea without suc-
cess. For decades following, surgeons struggled with keratoplasty techniques but the 
anterior lamellar technique remained the predominant attempted form. These tech-
niques fell out of favor with the success of the full thickness technique in the 1900s. 

 It was not until 1998 when Dutch ophthalmologist, Gerrit Melles, described a 
technique for replacing the inner layers of the cornea that a resurgence of interest in 
lamellar surgery came about [ 3 ]. Never before had successful attempts been made to 
selectively replace damaged endothelial tissue do largely to diffi culties in surgical 
technique. Melles’s technique involved creating a large (~9 mm) corneal scleral 
pocket that extended circumferentially into the clear cornea. The donor tissue was 
prepared in a similar fashion by hand dissecting the posterior corneal stroma to cre-
ate a circular button. The donor tissue was placed into the eye and tucked into corneal 
pockets that had been created during the initial dissection. The technique relied upon 
air to aid in the dissection of the recipient bed as well as for holding the donor tissue 
in position. This technique was termed Posterior Lamellar Keratoplasty (PLK) [ 3 ]. 

 Shortly after Melles’s initial description of the technique, American ophthalmolo-
gist, Mary Terry described a revision of the technique, which he termed Deep Lamellar 
Endothelial Keratoplasty (DLEK) [ 4 ,  5 ]. In this technique, the eye is fi lled with a 
viscoelastic material rather than air and then the inner ~90 μm of posterior corneal 
tissue is dissected from the adjacent stroma and removed from the eye. The surgeon 
performs a similar dissection of donor tissue and then places it within the anterior 
chamber through a smaller (~5 mm) incision. The graft is oriented and then air is 
placed below it to hold it in place against that posterior host stroma. In addition, a 
circular corneal pocket is dissected into which the donor tissue is tucked. This surgery 
preserves the natural corneal curvature and spares the patient a large incision. However, 
it is technically very diffi cult and time consuming to perform. In addition, the postop-
erative best corrected visual acuity is generally less than that seen with a traditional 
PKP [ 6 ]. The reduction in vision has been attributed to scar tissue and haze that forms 
at the interface between the two hand dissected tissue planes [ 7 ]. Due to its diffi culty, 
DLEK surgery was not widely adopted by cornea surgeons throughout the world. 

 In 2001 Melles again made history by describing an advancement in the above 
technique in which there was no tedious dissection of the host stromal tissue [ 2 , 
 8 ]. Rather, Descemet’s membrane is scrolled in the periphery and then removed 
from the eye. A donor lenticule consisting of endothelium, Descemet’s mem-
brane, and about 120 μm of stroma is then placed into that anterior chamber 
(Figs.  19.2  and  19.3 ). Similar to DLEK surgery, air is placed within the eye to 
facilitate attachment of the donor tissue to the posterior corneal surface (Fig.  19.4 ). 
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  Fig. 19.2    DSAEK donor 
tissue after cutting with a 
trephine. The donor 
endothelium is facing up and 
the tissue has been inked in 
the periphery to aide in 
orientation       

  Fig. 19.3    DSAEK tissue 
being inserted into the eye via 
a 5 mm scleral incision. The 
tissue from Fig.  19.2  has 
been folded like a taco and is 
being placed into the eye with 
a pair of forceps       

  Fig. 19.4    DASEK tissue in 
correct position. After being 
inserted into the eye, the 
donor tissue is unfolded and 
fl oated up against the 
posterior corneal surface with 
an air bubble       
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Eliminating the technically diffi cult dissection of the host corneal stroma results 
in a much easier surgical procedure as well as better visual results. In some 
instances, the results approach perfection and rival those obtained with PKP. This 
procedure was termed Descemet’s stripping endothelial keratoplasty (DSEK).    

 Advances in donor tissue preparation also led to faster and easier surgery. In 
the beginning of DLEK and DSEK surgery, the surgeon was responsible for cut-
ting and preparing the donor tissue. This led to the development of artifi cial ante-
rior chambers and specialized blades to dissect free posterior corneal buttons for 
transplantation. Still, tissue preparation could be tedious and complicated by per-
foration and destruction of the donor tissue. For many years, eye banks have been 
procuring and processing tissue for full thickness transplantation. As lamellar sur-
gery grew in popularity some eye banks began precutting the donor tissue for the 
surgeon’s use. While a busy surgeon may perform 100 lamellar procedures in a 
year, a busy eye bank may prepare more than 1,000 precut corneas. This repetition 
and volume led to better and better tissue preparation, less tissue damage, and less 
tissue loss [ 9 ]. Now, the vast majority of surgeons use precut tissue in a procedure 
that has been termed Descemet’s stripping automated endothelial keratoplasty 
(DSAEK) to indicate that an  automated  lamellar dissection was performed to cre-
ate the tissue. 

 For the past several years, DSEK and DSAEK have been the mainstay of 
posterior lamellar keratoplasty in the United States. However, in 2006, Melles 
again described an advancement in the technique of endothelial keratoplasty that 
he termed Descemet’s membrane endothelial keratoplasty (DMEK) [ 2 ,  10 ]. In 
this procedure, the patient’s cornea is prepared in a similar fashion to 
DSAEK. Descemet’s membrane is scrolled and removed from the posterior 
 surface of the eye and the edges of the stroma are roughened. The difference 
however is in the tissue that is then inserted into the eye. Unlike DSAEK in 
which the endothelium is inserted along with 120 μm of donor stroma, in DMEK 
only the endothelium and Descemet’s membrane are inserted into the eye. While 
this may sound simple, it is technically very challenging. Preparation of the 
donor tissue is very diffi cult given that the surgeon is dealing with a single cell 
layer. During preparation the tissue may be torn and destroyed. Again, some 
surgeons are turning to the eye banks for tissue preparation with good success. 
Once the tissue has been    removed from the donor stroma is quickly scrolls 
tightly, making correct orientation diffi cult (Fig.  19.5 ). The tissue is injected 
into the patient’s eye via a small incision (Fig.  19.6 ) and then an air bubble in 
placed on top of the tissue and used to unfold the graft. Once the graft has been 
unrolled, an air bubble is placed beneath the tissue to push it against the poste-
rior aspect of the patient’s cornea. Over time the donor cornea will stick in place 
as the new endothelial cells begin to function (Fig.  19.7 ).     
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  Fig. 19.6    DMEK tissue after 
insertion into the eye. It is 
tightly scrolled making 
orientation diffi cult       

  Fig. 19.7    DMEK graft 1 day 
after surgery. The eye is 
about 80 % full of air to 
facilitate graft adhesion. The 
edges of the graft are diffi cult 
to detect as the tissue is very 
thin       

  Fig. 19.5    DMEK tissue during processing. The tissue has been stained with trypan blue and 
peeled from the donor stroma. The tissue is so thin that it immediately scrolls onto itself       
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19.3     Conclusion 

 The past 15 years have seen a rapid advancement in the fi eld of lamellar corneal 
transplantation. This has resulted in improved patient outcomes, reduced surgical 
times, and reduced transplant rejection rates. Dr. Melles is still working toward the 
next iteration of the endothelial transplant and others are working toward expanding 
autologous donor endothelial cells in culture for transplantation. While there is still 
a place for the full thickness transplant, the age of lamellar corneal surgery is here 
to stay.     
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    Chapter 20   
 Cataract and Diabetic Retinopathy 

             Iñigo     Corcóstegui     Crespo      and     Elío     Díez-Feijóo     Varela    

      Abbreviations 

   AGE    Advanced glycation end-products   
  DM    Diabetes mellitus   
  DR    Diabetic retinopathy   
  OCT    Optical coherence tomography.   
  VA    Visual acuity   
  VEGF    Vascular endothelial growth factor   

20.1           Introduction 

 Diabetes mellitus (DM) is a metabolic disease characterized by the lack or 
 ineffi ciency of insulin, which generates an increase in glycemia that, if left untreated 
over time, causes changes at multiple levels. According to the World Health 
Organization, there are more than 340 million people worldwide diagnosed with 
diabetes. Moreover, this fi gure is expected to rise due to the progressive ageing of 
the population, dietary changes, and the increasingly sedentary lifestyle found in 
developing countries [ 1 ]. 

 Due to the metabolic changes that accompany DM, diabetics are more likely to 
develop cataracts and at an earlier age than their nondiabetic counterparts. In fact, 
diabetes is the third most signifi cant risk factor for the opacifi cation of the crystal-
line lens after genetic inheritance and age [ 2 ]. Cataracts are a major cause of 
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decreased vision in diabetic patients, and the incidence of cataract surgery in this 
population is two to fi ve times higher than that of nondiabetic patients [ 3 ]. Diabetic 
patients with poor metabolic control and those who have suffered from the disease 
for many years also have a higher incidence of cataracts [ 4 ]. The most frequent 
types of DM-related cataracts are cortical cataracts and subcapsular cataracts [ 5 ]. 

 Physiological or senile cataracts consist of a series of changes of the crystalline 
lens that include nuclear sclerosis from an increase in crystalline lens fi bers and loss 
of water content, although crystalline lens changes that differ from senile sclerosis 
have also been observed in patients with DM. These changes include immature lens 
fi bers, lamellae separation and nuclei present in deeper layers [ 6 ], as well as an 
increase in protein aggregation due to the alteration of intracellular calcium- 
activated cysteine proteinases (calpains) [ 7 ]. Several theories have been proposed to 
explain the cause for crystalline lens opacifi cation in diabetic patients; however, the 
precise mechanism remains unknown but is likely to be multifactorial in origin. 
Among the theories put forward, the recent oxidation theory must be considered. The 
crystalline lens, through the actions of glutathione reductase (GSH), counteracts, in 
part, the effects of oxidation [ 8 ]. In diabetes, the increase in reactive oxygen species 
(ROS) has been proposed to generate oxidative stress that is not totally compensated 
by GSH; this stress generates disulfi de cross-linking between proteins, which leads 
to their aggregation and alters the optical properties of the crystalline lens [ 8 ]. 
Additionally, in DM patients, the introduction of advanced glycation end-products 
(AGE) as a result of the abnormal metabolism of lipids, carbohydrates, and proteins 
could play a decisive role in the oxidative stress of the lens [ 9 ]. 

 After the cataract is diagnosed, the infl ammatory stimulus resulting from surgery 
involves the release of cytokines and proangiogenic factors that can lead to worsen-
ing of diabetic retinopathy (DR) and the ocular involvement associated with DM. 
In particular, the presence of signifi cant macular edema, rubeosis iridis, and retinal 
neovascularization has been described after cataract surgery in DM patients [ 10 ]. 
Furthermore, poor metabolic control of DM or active DR increases the risk of an 
abnormal infl ammatory response after cataract surgery, which may infl uence the 
occurrence of postsurgical complications such as postoperative uveitis, anterior 
chamber fi brin, or vitreous hemorrhage [ 11 ]. Glycated hemoglobin (HbA1c) is a 
serum parameter that provides objective information on the degree of metabolic 
control of DM and indirectly reports the risk of postsurgical complications related 
to this disease. 

 Therefore, it is advisable to achieve improved metabolic control and perform the 
necessary treatments for the stabilization of DR before cataract surgery. When such 
factors are controlled, the risk of postoperative complications related to DM is sig-
nifi cantly reduced, thereby improving the prognosis of patients following surgery 
and decreasing the surgical risk. 

 The recent introduction of drugs capable of blocking vascular endothelial growth 
factor (VEGF) in clinical practice has resulted in a signifi cant improvement in the 
control of DR [ 12 ]. Moreover, the application of such drugs together with laser 
photocoagulation of the retina prior to cataract surgery generally helps to avoid 
postsurgical complications resulting from DM [ 13 – 15 ]. 
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 Developments in surgical techniques have been a decisive factor in the improvement 
of cataract surgery results in DM patients. Specifi cally, the development of extra-
capsular extraction techniques for the crystalline lens using phacoemulsifi cation has 
reduced surgical time, infl ammatory response and the complications resulting from 
surgery. In addition, this technique permits a smaller corneal incision, is less 
 traumatic than the former intra-capsular extraction of the lens and achieves better 
postoperative results [ 16 – 18 ].  

20.2     Indications for Surgery and Prognosis 

 The indication to perform cataract surgery in diabetic patients can be determined 
according to the following two situations:

    (a)    Opacity of the lens that signifi cantly decreases the visual acuity (VA) of the 
patient.   

   (b)    Opacity of the lens that prevents the examination or treatment of the retina in 
diabetic patients.      

20.3     Preoperative Evaluation and Medical History 

 Before conducting cataract surgery on a diabetic patient, it is important to perform 
an initial assessment of the possible ocular and systemic repercussions of DM. This 
information is useful to determine if the patient requires complementary treatment 
prior to surgery and to assess the patient’s prognosis. 

 The preoperative evaluation of a diabetic patient with cataracts must include the 
following data: (1) DM type and duration; (2) glycemic control level, preferably the 
glycated hemoglobin (HbA1c) level; [ 18 ] (3) other cardiovascular risk factors 
(blood pressure, cholesterol, possible cardiac diseases, and smoking history); (4) 
ophthalmologic history including previous diagnoses and treatments (e.g., previous 
history of retinal laser photocoagulation, possible neovascular glaucoma, history of 
previous surgeries). 

 The initial eye examination of a diabetic patient with cataracts is similar to that 
of a nondiabetic patient, although particular attention should be paid to the ocular 
structures affected by this disease. Therefore the examination of the anterior seg-
ment of the eye must evaluate the following components: (1) Corneal endothelium; 
(2) Iris and iris vessels, including the presence of neovascularization in the iris and 
pupillary border and the approximate measurement of the dilated pupillary diame-
ter; and (3) Gonioscopy (with and without pupillary dilation) [ 19 ]. 

 Once the exploration of the anterior segment is completed and with the pupil 
dilated, the examination of the posterior pole is performed. First, the presence of 
DR, its stage and its level of activity must be examined. The DR present is then 
 classifi ed as simple (absence of neovascularization) (Fig.  20.1 ) or proliferative 
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(presence of neovascularization or hemorrhage) (Fig.  20.2 ). Furthermore, simple 
DR can be classifi ed as mild, moderate, or severe according to the number of 
retinal micro aneurysms, the number of hemorrhages and the presence of venous 
anomalies [ 20 ].   

 For any patient with diagnosed DR, fl uorescein angiography should be consid-
ered to assess the presence of retinal neovascularization, peripheral ischemia, or 
macular edema. Because the detection of diabetic macular edema with conventional 
ophthalmoscopy in cataract patients may be complicated, optical coherence tomog-
raphy (OCT) provides a rapid noninvasive test that can more accurately identify 
possible macular neuroepithelial degeneration and the presence of macular edema 
(Figs.  20.3  and  20.4 ). OCT also enables the detection of other macular alterations in 
DM patients, such as vitreomacular traction syndrome or the epiretinal membrane. 
However, any of these alterations could represent a contraindication for cataract 
surgery and may infl uence surgical technique choice.    

  Fig. 20.1    Retinography of a 
patient with non-proliferative 
diabetic retinopathy and 
diffuse macular edema 
( dotted line ). Hard exudates 
( asterisks ) and micro-
aneurysms ( arrows ) are 
present in the paramacular 
area       

  Fig. 20.2    Retinography of 
a patient with proliferative 
diabetic retinopathy. There 
is a macular hemorrhage 
( asterisk ) and neovascular 
tissue ( arrow ) on the optic 
nerve       
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  Fig. 20.3    Optical coherence tomography axial macular scan of a patient with diabetic macular 
edema showing intraretinal cysts ( asterisk ) and increased macular thickness.  White line  shows 
normal macular thickness and shape       

  Fig. 20.4    Optical coherence tomography macular map of a patient with diabetic macular edema. 
Each of the  colors  that appear in the macular map represent a certain retinal thickness       
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20.4     Preoperative Treatment 

 Poor prognoses after cataract interventions on diabetic patients are due to postsurgical 
eye complications from this disease [ 15 ,  21 ]. To avoid such complications, it is 
important, whenever possible, to treat the ocular alterations (mainly retinal) associ-
ated with DM. The main therapeutic tools available include laser photocoagulation 
and the intravitreal administration of anti-VEGF drugs. 

 The prognosis of patients with active DR undergoing cataract treatment improves 
signifi cantly with previous laser photocoagulation treatment [ 22 ]. An analysis of 
previous studies comparing the long-term visual outcomes between treated and 
untreated patients indicates that it is advisable to conduct appropriate laser treat-
ment of DR before performing cataract surgery [ 4 ,  11 ]. 

 Potent drugs that are currently available can help to stop the progression of DR 
when administered to the vitreous humor of the patient. Such drugs (Avastín ® , 
Eylea ® , Lucentis ® , and triamcinolone acetonide) can also be combined with laser 
treatment to obtain better control of DR before cataract surgery [ 23 ].  

20.5     Surgical Procedure and Additional Treatments 

 Once cataract treatment in diabetic patients has been indicated, one of the following 
three situations will be found: 

20.5.1     Patient with Cataracts Without Signifi cant 
Diabetic Retinopathy 

 Patients with a healthy retina that require only cataract treatment should receive 
conventional cataract surgery similar to nondiabetic patients.  

20.5.2     Cataracts and Diabetic Macular Edema 

 Macular edema is the accumulation of fl uid in the macular neuroepithelium and is the 
main cause of loss of vision in patients under 50 years of age in developed countries 
(Figs.  20.1 ,  20.2 , and  20.4 ). Fluorescein angiography can be used to detect macular 
fl uid extravasation. Although the opacity resulting from cataracts may  hinder the 
detection of macular thickening during conventional funduscopic examination, the 
OCT approach permits an accurate measure of such thickening. Various studies have 
shown a potential relationship between cataract surgery in diabetic patients and post-
surgical macular edema, for which some authors have recommended performing 
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cataract surgery only when the condition is advanced and not operating on patients 
with an initial cataract to avoid the risk of macular edema [ 14 ,  16 ]. However, other 
authors have suggested carrying out the surgery before the macular edema is detected 
given that functional recovery after surgery is less successful when it is present [ 12 ,  20 ]. 
The ideal approach would be to defi nitively treat the macular edema before cataract 
surgery; however, in many cases, this condition is recurrent, and treatment may 
take months or years using combined laser and intravitreal anti-VEGF injection 
therapies [ 24 ]. 

 Currently, with the existence of different drugs that show effi cacy in the treat-
ment of macular edema, its presence does not modify the indications for cataract 
surgery, and this condition can be treated simultaneously via intravitreal anti-VEGF 
injection and cataract surgery [ 25 ].  

20.5.3     Cataracts and Vitreoretinal Alterations That Require 
Surgical Treatment 

 In cases where cataracts are diagnosed together with other alterations that require 
treatment, the typical approach is to combine both procedures. The most common 
surgical technique in these cases is phacoemulsifi cation with a standard lens implant. 
However, we must consider that any retinal surgery (vitrectomy) performed in a 
patient over 50 years of age will cause lens opacifi cation. As a result, when patients 
of this age group require vitrectomy, lens extraction is carried out during the same 
surgical procedure even though no signifi cant cataract is present at that moment; 
this approach avoids a second operation a few months later when the cataract would 
develop. The cataract extraction surgical technique in these patients is the same as 
in patients without DM (phacoemulsifi cation with standard lens implant), with the 
exception of patients with anterior tractional retinal detachment or a high degree of 
severity of the retinopathy [ 26 ]. 

 The main vitreoretinal alterations that may accompany cataracts in diabetic 
patients and require vitrectomy include vitreomacular traction syndrome, epiretinal 
membrane, vitreous hemorrhage, and tractional retinal detachment. 

 Vitreomacular traction syndrome is a disease caused by the abnormal adherence 
between the vitreous and the retina. Specifi cally, the macula is pulled by the vitre-
ous layer adhered to it, which leads to structural alterations that are frequent in 
diabetic patients [ 27 ]. 

 An epiretinal membrane displays an abnormal growth of cells over the macular 
surface, which forms a tissue layer that can create traction over the macula, thereby 
altering its structure and producing vision loss [ 28 ]. 

 Vitreous hemorrhage is a frequent complication of proliferative DR, which gen-
erally indicates active disease. 

 Tractional retinal detachment is typically a manifestation of advanced prolifera-
tive DR and consists of the separation of the retinal neuroepithelium and the retinal 
pigmented epithelium due to traction from the fi brous tissue. 
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 These four situations previously described are treated using vitrectomy, and 
when these conditions coexist with a cataract, the combined procedure of vitrec-
tomy and cataract surgery is performed [ 29 ,  30 ].   

20.6     Surgical Technique 

 As discussed previously, the surgical treatment of cataracts in diabetic patients is, 
with the exception of the abovementioned cases, similar to that of non-diabetic 
patients [ 31 ]. In this section, we briefl y describe the standard cataract surgical 
technique. 

 The cataract procedure is performed in most situations using only topical anes-
thesia. After the instillation of a few drops of anesthetic, the conjunctival sac, the 
ocular surface, and the periocular region are cleaned with povidone-iodine. Then, 
the eyelashes are isolated from the surgical fi eld using sterile plastic material. 

 The fi rst step of the operation consists of a corneal incision of approximately 
1.8–2.4 mm, through which the entire procedure will be carried out. Secondly, an 
opening of the anterior capsule of the lens is formed, through which saline is injected 
for hyperhydration and rotation of the lens (hydrodissection and hydrodelamina-
tion). Then, the phacoemulsifi er is introduced through the incision and the anterior 
capsule of the lens. This device emits ultrasound energy to produce liquefaction of 
the lens, which is aspirated. Once the lens capsule is empty, an intraocular lens is 
introduced into the crystalline sac. 

 As mentioned previously, the infl ammatory reaction resulting from cataract sur-
gery may favor the progression of DR, and it is therefore important to perform this 
operation with the least possible trauma [ 32 ]. Thus, it is essential to shorten surgical 
time and minimize the energy of phacoemulsifi cation especially in medium-hard 
cataracts. Cataract surgery in a hypermature lens will involve a considerable increase 
in the surgical aggression delivered to the eye, with an increase in postoperative 
infl ammation and a higher risk for progression of DR or other complications. 

 Another peculiarity of cataract surgery in DM patients is their higher incidence 
of retraction of the lens capsule after the operation (Fig.  20.5 ) [ 33 ]. The prolifera-
tion of remaining epithelial cells from the lens and the infl ammatory environment 
are two factors that may play an important role in increasing the opacity and post-
surgical contraction of the crystalline sac common in such patients [ 34 ,  35 ].  

 The specifi c aspects that must be taken into account when performing cataract 
surgery in a diabetic patient are the following [ 36 ]:

    6.1    Surgical trauma should be avoided. As described earlier, surgical trauma may 
favor macular edema; it can accelerate the course of DR and favor contraction 
and opacifi cation of the lens capsule. Additionally, the corneal endothelium 
receives greater damage in diabetic patients and demonstrates a poor recovery 
of postoperative edema following traumatic surgery [ 37 ].   
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   6.2    Corneal epithelium protection. The ocular surface is altered in diabetic patients, 
which leads to poor healing of the surgical wound and an increase in the 
 incidence of postoperative epithelial erosions [ 38 ]. In some patients, these ero-
sions may become complicated and develop into true persistent epithelial 
defects with a diffi cult resolution (Fig.  20.6 ). To ensure protection of the cor-
neal epithelium, hydration of the surface of the eye during surgery, avoiding 
traumatic maneuvers and applying topical ointments in cases of intraoperative 
de-epithelization are important. This is especially important for the combined 
treatment of cataracts and vitrectomy [ 39 ].    

   6.3    Iris management. There is a higher incidence of poor dilation or intraoperative 
miosis in diabetic patients [ 40 ]. In advanced retinopathies, the combination of 
rubeosis and poor dilation may produce intraoperative hemorrhages of the 
anterior chamber (Fig.  20.7 ).    

  Fig. 20.5    Anterior segment 
image of a patient with 
opacifi cation and retraction 
of the anterior lens capsule 
(anterior capsule phimosis). 
The  dotted line  shows the 
original perimeter of the 
capsulorhexis performed 
during surgery. This 
retraction ( arrows ) may be 
diffi cult for future retinal 
examinations or treatments       

  Fig. 20.6    Anterior segment 
image of a patient with 
persistent epithelial defect 
( arrows ) after a combined 
surgical procedure, 
phacoemulsifi cation, and 
vitrectomy       
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   6.4    A larger capsulorhexis than in nondiabetic patients should be performed, so 
that any potential contraction and opacifi cation of the capsule does not obstruct 
future retinal examination.   

   6.5    Wide optical intraocular lens optics (greater than 6.5 mm) should be used to 
facilitate future retinal examination.   

   6.6    The use of silicone intraocular lenses should be avoided. These lenses are 
avoided so that if it is necessary to introduce silicon oil into the vitreous cavity 
secondary to DR, complications from these types of lenses will be avoided. 
Additionally, it is not currently advisable to use multifocal lenses because 
these can obstruct retinal examination and decrease the visual quality of 
patients with macular lesions.   

   6.7    The combined use of intravitreal Triamcinolone or anti-VEGF drugs should 
be evaluated in cases of persistent macular edema or traumatic surgery due to 
hypermature lenses.   

   6.8    Overexposure to the surgical microscopes light should be avoided, as patients 
with DR can be more sensitive to phototoxicity produced by the microscope 
light [ 41 ].   

   6.9    In cases of vitreous hemorrhage, the use of dyes in the lens capsule should be 
contemplated to achieve better performance during capsulorhexis.   

   6.10    In cases receiving the combined procedure with vitrectomy or when gas or 
air is left as an intraocular tamponade, the injection of a miotic agent in the 
anterior chamber of the eye should be considered after surgery to decrease the 
risk of pupillary entrapment during the postoperative period [ 42 ].   

   6.11    In cases receiving the combined procedure with vitrectomy, posterior capsu-
lotomy should be performed to complete the surgery to decrease the risk of 
postoperative opacity and capsular contraction.    

  Fig. 20.7    Anterior segment 
image of a diabetic patient 
with rubeosis iridis ( arrows ). 
These neovessels are weak 
and may bleed during surgery       

 

I.C. Crespo and E.D.-F. Varela



381

20.7       Conclusions 

 Advances in the development of cataract surgical techniques, new intravitreally 
administered drugs and laser treatments have achieved a signifi cant improvement in 
the prognosis of cataract surgery in diabetic patients. A multidisciplinary approach 
involving the metabolic control of the disease and the control of cardiovascular risk 
factors is of great importance to achieve a good long-term prognosis.     
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    Chapter 21   
 Traumatic Cataract: A Review 
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      Abbreviations 

   BETTS    Birmingham Trauma Terminology systems   
  IOL    Intraocular lens   
  IOP    Intraocular pressure   
  OGI    Open globe injury   
  OTS    Ocular trauma score   

21.1           Introduction 

    Trauma is probably the most under-recognized major health problem today. Trauma 
is a cause of monocular blindness in the developed world, although few studies have 
addressed the problem of trauma in rural areas [ 1 ]. The aetiology of ocular injury is 
likely to differ from that in urban areas and is worthy of investigation [ 2 – 4 ]. Any 
strategy for prevention requires knowledge of the cause of injury, which may enable 
more appropriate targeting of resources toward preventing such injuries. Both eye 
trauma victims and society bear a large, potentially preventable burden [ 3 ]. 

 For prevention, knowledge of cause of injury is required for appropriate targeting 
of resources towards prevention of such injury. So, it will automatically reduce the 
economic burden of the society. 

 Ocular trauma can cause cataracts [ 1 ]. The methods used to evaluate the visual 
outcome in eyes managed for traumatic cataracts and senile cataracts are similar [ 5 ], 
but the damage to other ocular tissues due to trauma may compromise the visual 
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gain in eyes operated on for traumatic cataracts. Hence, the success rates may differ 
between eyes with these two types of cataract. 

 With the introduction of the Birmingham Eye Trauma Terminology System 
(BETTS), the documentation of ocular trauma has been standardized [ 5 ]. Conse-
quently, it would be interesting to study the visual outcomes following traumatic 
cataract surgery and the determinants predicting the outcome, especially in relation 
to the BETTS. There are approximately 1.6 million blind persons from injuries in 
the world, an additional 2.3 million people have bilateral low vision from this cause, 
and almost 19 million have unilateral blindness or low vision [ 6 ]. 

 Work accidents are still frequent events despite efforts made for primary 
prevention, and the eye is a high-risk organ for work accidents. Although it 
represents only 0.27 % of the total body area and 4 % of the facial area, ocular 
trauma is very frequent [ 7 ]. Visual outcomes of traumatic cataracts have been 
reported in some cases [ 8 ,  9 ]. However, most studies involved small samples or were 
case studies. 

 In the present study, we examined the visual outcomes following cataract surgery 
in eyes sustaining injuries, and the predictors of satisfactory visual outcomes follow-
ing the management of traumatic cataracts. Our study was conducted in a city located 
at the borders of three states in India: Gujarat, Madhya Pradesh, and Rajasthan [ 4 ]. 
Qualifi ed ophthalmologists at our institute provide low-cost eye services mainly to 
the poor belonging to the tribal population of 4.2 million in this area. 

 Our primary objective is to determine visual outcome after treatment of trau-
matic cataract. Our secondary objectives are to determine the epidemiology of 
 traumatic cataract, to compare the visual outcome in closed and open globe injury, 
and to study the effect of interval between time of injury and time of intervention on 
initial visual outcome, the effect of the morphology of traumatic cataract on fi nal 
visual outcome, and to compare the effect of primary posterior capsulotomy and 
vitrectomy as primary step of surgery.  

21.2     Patients and Methods 

 We obtained approval from the hospital administrators and research committee to 
conduct this study, and we received the participants’ written consent. 

 This was a prospective study designed in 2002. All traumatic cataracts in either 
eye diagnosed and managed between January 2003 and December 2009 were 
enrolled in our study, and those consenting to participate and not having other 
serious body injuries were included. 

 For each patient enrolled in our study, we obtained a detailed history, including 
details of the injury and information on eye treatment and surgery performed to 
manage past ocular trauma. Data for both the initial and follow-up reports 
were collected using the online BETTS format of the International Society of Ocular 
Trauma. Details of the surgery were also collected using a specifi ed pretested 
online form. 
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 The cases of traumatic cataract were grouped as those with open- and those with 
closed globe injuries. The open globe injuries were further categorized into those 
with lacerations and those with rupture. Lacerations of the eyeball were 
subcategorized into eyes with perforating injuries, penetrating injuries, or injuries 
involving an intraocular foreign body. The closed globe group was subdivided into 
lamellar laceration and contusion. 

 Other demographic details collected included patient entry, residence, activity at 
the time of injury, object of injury, and previous examinations and treatments. After 
enrollment, all patients were examined using a standard method. Visual acuity was 
checked using the Snellen’s chart, and the anterior segment was examined using a 
slit lamp. 

 Based on lenticular opacity, the cataracts were classifi ed as total [ 10 ] (Fig.  21.1 ), 
membranous, in which both capsules fused with scant or no cortical material 
(Fig.  21.2 ), white soft (Fig.  21.3 ), and rosette types (Fig.  21.4 ). When an 
ophthalmologist did not observe clear lens matter between the capsule and nucleus, 
the cataract was defi ned as total. When the capsule and organized matter were fused 
and formed a membrane of varying density, it was defi ned as a membranous cataract. 
When loose cortical material was found in the anterior chamber together with a 
ruptured lens capsule, the cataract was defi ned as white soft. A lens with a rosette 
pattern of opacity was classifi ed as a rosette type cataract.     

 For a partially opaque lens, the posterior segment examination was carried out 
with an indirect ophthalmoscope and a +20 D lens. When the optical medium was 
not clear, a B-scan was performed to evaluate the posterior segment. 

 The surgical technique was selected according to morphology [ 10 ] and the con-
dition of tissues other than the lens. Phacoemulsifi cation was used to operate on 
cataracts with hard, large nuclei. With a lens that had either a white soft or rosette 
type of cataract, unimanual or bimanual aspiration was used. Membranectomy and 
anterior vitrectomy, either via an anterior or pars plana route, were performed when 
the cataract was membranous. 

  Fig. 21.1    Total cataract: 
when no clear lens matter 
was visible between the 
capsule and the nucleus, 
the cataract was defi ned 
as a total cataract       
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  Fig. 21.2    Membranous 
cataract: when the capsule 
and organized matter were 
fused and formed a 
membrane of varying density, 
the cataract was defi ned as a 
membranous cataract       

  Fig. 21.3    White soft fl uffy cataract: when loose cortical material was found in the anterior cham-
ber together with a ruptured lens capsule, the cataract was defi ned as a white soft cataract       

  Fig. 21.4    Rosette cataract: 
lens with a rosette pattern 
of opacity was classifi ed as 
a rosette type cataract       
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 In all patients undergoing corneal wound repair, the traumatic cataract was 
 managed in a second procedure. Recurrent infl ammation was more prominent in 
patients who had undergone previous surgery for trauma [ 8 ,  9 ]. In such cases, the 
ocular medium will turn hazy due to condensation of the anterior vitreous unless a 
vitrectomy is performed. Hence, we performed a capsulectomy and vitrectomy via 
an anterior/pars plana route in adults. 

 In children younger than 2 years of age, both lensectomy and vitrectomy via a 
pars plana route were performed, and the same surgical procedures were used to 
manage the traumatic cataract. Lens implantation as part of the primary procedure 
was avoided in all children younger than 2 years of age. 

 All patients with injuries and without an infection were treated with topical and 
systemic corticosteroids and cycloplegics. The duration of medical treatment 
depended on the degree of infl ammation in the anterior and posterior segments of 
the operated eye. The operated patients were re-examined after 24 h, 3 days, and 1, 
2, and 6 weeks to enable refractive correction. Follow-up was scheduled for the 
third day, weekly for 6 weeks, monthly for 3 months, and every 3 months for 1 year. 

 At every follow-up examination, visual acuity was tested using the Snellen’s 
chart. The anterior segment was examined with a slit lamp, and the posterior 
segment was examined with an indirect ophthalmoscope. Eyes with vision better 
than 20/60 at the glasses appointment (6 weeks) were defi ned as having a satisfactory 
grade of vision. 

 During the examination, data were entered online using a specifi ed pretested 
format designed by the International Society of Ocular Trauma (initial and follow-up 
forms), which was exported to a Microsoft Excel spread sheet. The data were 
audited periodically to ensure completeness. We used the Statistical Package for 
Social Studies (SPSS 15) to analyze the data. The univariate parametric method was 
used to calculate frequency, percentage, proportion, and 95 % confi dence interval 
(95 % CI). We used binominal regression analysis to determine the predictors 
of postoperative satisfactory vision (>20/60). The dependent variable was vision 
>20/60 noted at the follow-up 6 weeks after cataract surgery. The independent 
variables were age, gender, residence, time interval between injury and cataract 
surgery, primary posterior capsulectomy and vitrectomy procedure, and type of 
ocular injury.  

21.3     Results 

 Our cohort consisted of 687 patients with traumatic cataracts including 496 (72.2 %) 
eyes with open globe ocular injuries and 191 (27.8 %) eyes with closed globe 
injuries (Fig.  21.5 ). The mean patient age was 27.1 ± 18.54 years (range, 1–80, 
Table  21.1 ). The patients were 492 (71.6 %) males and 195 (28.4 %) females, 
Table  21.2 . 
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Ocular injuries
causing cataracts

(n = 687)

Eyes with open
globe injuries

causing cataracts
(n = 496)

Eyes with closed
globe injuries

causing cataracts
(n = 191)

Laceration
(n = 450)

Ruptured globe
(n = 46)

Contusion
(n = 164)

Lamellar
laceration
(n = 27)

Penetrating injuries
(n = 422)

Perforating injuries
(n = 20)

Intraocular foreign body
(n = 8)

  Fig. 21.5    Distribution of patients according to BETTS       

  Table 21.1    Age distribution   Age  Number ( n )  Percentage (%) 

 0 to 10  155  22.6 
 11 to 20  184  26.8 
 21 to 30   90  13.1 
 31 to 40   79  11.5 
 41 to 50   95  13.8 
 51 to 60   55  8.0 
 61 to 70   24  3.5 
 71 to 80    4  0.5 
 Total  687  100 

  Table 21.2    Gender 
distribution  

 Gender  Number  Percentage 

 Female  195  28.4 
 Male  492  71.6 
 Total  687  100 
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    We analyzed several demographic factors, including origin of patient referral 
(Table  21.3 ), socioeconomic status (79 % were from a lower socioeconomic class, 
Table  21.4 ), and residence (95 % were from a rural area, Table  21.5 ), none of which 
had a signifi cant relationship ( p  = 0.3) with fi nal visual acuity. The object causing 
the injury (Table  21.7 ) and the activity at the time of the injury (Table  21.6 ) were 
also not signifi cantly associated with satisfactory fi nal visual acuity. Wooden sticks 
were the most common agent of injury (55.9 %, Table  21.7 ). A comparison of pre- 
and postoperative visual acuity showed that treatment signifi cantly improved visual 
acuity (Table  21.8 ; Pearson’s  χ  2  test,  p  < 0.001; ANOVA,  p  = 0.001). An intraocular 
lens was implanted in 564 (82.1 %) cases (Table  21.9 ). The number of surgeries 
required varied signifi cantly with morphology ( p  = 0.000) (Table  21.10 ).

          All traumatic cataracts were classifi ed according to morphology (Tables  21.11  
and  21.12 ) and were surgically treated using morphology as a guideline (Table  21.12 ).

    Final visual outcome was found to vary according to morphology (Table  21.11 ) 
and surgical technique (Table  21.17 ). White soft cataracts were found to have a 
better prognosis and achieved signifi cantly higher rates of positive outcome 
compared with other morphologies ( p  = 0.014) (Table  21.11 ). 

  Table 21.3    Entry of 
the patients  

 Number  Percentage 

 Camp  181  26.3 
 Door to door    2  0.3 
 Other    7  1.0 
 Referral    6  0.9 
 School   16  2.3 
 Self   75  69.1 
 Total  687  100 

   p  = 0.03  

  Table 21.4    Socioeconomic    
status     

 Number  Percentage 

 Poor  540  78.6 
 Rich  144  21.0 
 Very poor    3  0.4 
 Total  687  100 

   p  = 0.008  

    Table 21.5    Reporting interval according to residence   

 Days  Rural  Urban  Total 

 0–1  157  15  172 
 2–4   75   3   78 
 5–30  198   3  201 
 More  225  11  236 
 Total  655  32  687 
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   Table 21.7    Object of injury   Object  Number ( n )  Percent (%) 

 Ball  6  9 
 Cattle horn  16  2.37 
 Finger  7  1.0 
 Firework  10  1.5 
 Glass  5  0.7 
 Iron wire  46  6.7 
 Other  58  8.4 
 Sharp  8  1.2 
 Stone  93  13.5 
 Unknown  54  7.9 
 Wooden stick  384  55.9 
 Total  687  100.0 

  Table 21.6    Activity during 
injury  

  N   Percent 

 Fall   11  1.6 
 Fighting    4  0.6 
    Firecrackers    5  0.7 
 House work  187  27.2 
 Job work  137  19.9 
 Other  114  16.6 
 Plain walk   14  2.0 
 Play  183  26.6 
 Travel top   29  4.2 
 Vehicular injury    3  0.4 
 Total  687  100.0 

   p  = 0.03  

 Aspiration was performed using one or two ports in 48.6 % of the patients in the 
open globe group, and was signifi cantly associated with improved visual acuity 
( p  < 0.001, Table  21.12 ). 

 We were able to do lens implants in 82 % of cases; details are shown in Table  21.9 . 
 In comparing open globe and closed globe groups (Table  21.13 ), we found 

 signifi cant differences in variables other than fi nal visual outcome, including age, 
gender, origin of patient referral, object of injury, early reporting, urban vs. rural 
residence, cataract morphology, surgical technique, number of surgeries, and lens 
implantation.

   At 6 weeks postoperatively, the visual acuity in the operated eye was >20/60 in 
298 (58 %) eyes in the open globe group, and 75 (39.1 %) eyes in the closed globe 
group ( p  < 0.001, ANOVA,  χ  2 ); this difference was signifi cant (OR = 1.61, 95 % CI 
0.85–3.02). Overall, 373 (54.3 %) eyes regained a fi nal visual acuity >20/60 
(Table  21.14 ).
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    Table 21.9    Lens implant in relation to morphology of traumatic cataract   

 Morphology 

 No implant  Implant  Total 

  N   %   N   %   N   % 

 Membranous   17  2.5   67   9.8   84  12.2 
 Rosette    2  0.3    6   0.9    8  1.2 
 White soft   58  8.4  354  51.5  412  60.0 
 Total cataract   46  6.7  137  19.9  183  26.6 
 Total  123  17.9  564  82.1  687  100 

   Table 21.10    Number of surgeries   

 Number  0–1  2–4  5–30  More  Total 

 1  128  58  181  216  584 
 2   39  19   18   19   94 
 3    5   1    2    1    9 
 Total  172  78  201  236  687 

     Table 21.11    Final visual outcome in relation to morphology of cataract   

 Final visual outcome  Morphology 

 Total  Membranous  Rosette  White soft  Total cataract 

  N   %   N   %   N   %   N   %   N   % 

 Uncooperative  3  0.4  0  0  11  1.6  5  0.7  19  2.7 
 <1/60  24  3.5  2  0.3  89  12.9  58  8.4  173  25.1 
 1/60 to 3/60  12  1.7  0  0  27  3.9  19  2.7  58  8.4 
 20/200 to 20/120  7  1.0  1  0.1  33  4.8  25  3.6  66  9.6 
 20/80 to 20/60  21  3.0  1  0.1  91  13.2  34  4.9  147  21.4 
 20/40 to 20/20  17  2.5  4  0.5  161  23.4  42  6.1  224  32.6 
 Total  83  12.1  7  1.0  412  59.9  183  26.6  687  100 

   χ  2  test,  p  = 0.014  

     Table 21.12    Surgical techniques used according to morphology of cataract   

 Surgical technique 

 Morphology 

 Total  Membranous  Rosette  White soft  Total cataract 

  N   %   N   %   N   %   N   %   N   % 

 Aspiration  7  1  5  0.7  316  45.9  19  2.7  347  50.5 
 Lensectomy + vitrectomy  46  6.7  0  0  60  8.7  20  2.9  126  18.3 
 Phaco/SICS a   3  0.4  2  0.3  17  2.4  108  15.7  130  18.9 
 Delivery + vitrectomy  28  4  0  0  20  2.9  36  5.2   84  12.2 
 Total  83  12.1  7  1  412  59.9  183  26.6  687  100 

   a Small incision cataract surgery  
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    Table 21.13    Comparative results amongst open and closed globe injuries   

 Parameter 

 Open globe  Closed globe  Total 

 No  %  No  %  No  %   p  Value 

  Socioeconomic status  
 Poor  386  56.2  154  22.4  540  78.6  0.008 
 Rich  108  15.7  36  5.2  144  21.0 
 Very poor  2  0.3  1  0.15  3  0.4 
 Total  496  72.2  191  27.8  687  100 
  Entry  
 Camp  114  16.6  67  9.6  181  26.3  0.03 
 Door-to-door  1  0.1  1  0.1  2  0.3 
 Other  6  0.9  1  0.1  7  1.0 
 Referral  15  2.2  2  0.3  6  0.9 
 School  2  0.3  1  0.1  16  2.3 
 Self  358  52.1  119  17.3  475  69.1 
 Total  496  72.2  191  27.8  687  100 
  Previous surgical treatment  
 No  485  70.6  183  26.6  668  97.2  0.126 
 Yes  11  1.6  8  1.2  19  2.7 
 Total  496  72.2  191  27.8  687  100 
  Age distribution  
 0 to 10  134  19.5  22  3.2  155  22.6  0.000 
 11 to 20  145  21.1  39  5.7  184  26.8 
 21 to 30  70  10.1  20  2.9  90  13.1 
 31 to 40  54  7.7  25  3.6  79  11.5 
 41 to 50  52  7.5  43  6.3  95  13.8 
 51 to 60  25  3.6  30  4.3  55  8.0 
 61 to 70  15  2.1  9  1.3  24  3.5 
 71 to 80  1  0.1  3  0.4  4  0.5 
 Total  496  72.2  191  27.8  687  100 
  Gender  
 Female  152  22.1  43  6.3  195  28.4  0.020 
 Male  344  50.1  148  21.5  492  71.6 
 Total  496  72.8  191  27.8  687  100 
  Object of injury  
 Ball  0  0  6  0.9  6  0.9  0.031 
 Cattle horn  6  0.9  6  0.9  12  1.60 
 Cattle tail  1  0.1  3  0.4  4  0.6 
 Fire work  6  0.9  4  0.5  10  1.5 
 Other  34  4.9  40  5.8  74  10.8 
 Sharp object  49  7.1  10  1.5  59  8.6 
 Stone  55  8.0  38  5.5  93  13.5 
 Wooden stick  312  45.4  20  2.9  54  7.9 
 Unknown  34  4.9  72  10.5  384  55.9 
 Total  496  72.8  191  27.8  687  100 

(continued)
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Table 21.13 (continued)

 Parameter 

 Open globe  Closed globe  Total 

 No  %  No  %  No  %   p  Value 

  Object of injury compared to wooden stick  
 Wooden stick object  312  45.4  72  10.5  384  55.9  0.000 
 Other object  184  26.8  119  17.3  303  44.1 
 Total  496  72.8  191  27.8  687  100 
  Reporting  
 0 to 1  132  19.2  40  5.8  172  25.0  0.000 
 2 to 4  69  10.0  9  1.3  78  11.4 
 5 to 30  163  23.7  38  5.5  201  29.3 
 More  132  19.2  104  15.1  236  34.4 
 Total  496  78.2  191  27.8  687  100 
  Habitat  
 Rural  479  69.7  176  25.6  655  95.3  0.014 
 Urban  17  2.5  15  2.1  32  4.7 
 Total  496  78.2  191  27.8  687  100 
  Morphology  
 Membranous  63  9.1  20  2.9  83  12.1  0.000 
 Rosette  6  0.8  3  0.4  9  1.3 
 Soft fl uffy  329  47.9  83  12.1  412  60.0 
 Total cataract  98  14.3  85  12.3  183  26.6 
 Total  496  72.8  191  27.8  687  100 
  Surgical technique  
 Aspiration  292  42.5  55  8.0  347  50.5  0.000 
 Lensectomy and 
vitrectomy 

 90  13.1  36  5.2  126  18.3 

 Delivery and 
vitrectomy 

 114  16.6  100  14.6  214  31.1 

 Total  496  72.2  191  27.8  687  100 
  Primary posterior capsulectomy vitrectomy  
 Not performed  364  53.0  141  20.5  505  73.5  0.495 
 Performed  132  19.2  50  7.3  182  26.5 
 Total  496  72.2  191  27.8  687  100 
  Number of surgeries  
 1.00  411  59.8  173  25.1  584  85  0.010 
 2.00  76  11.1  18  2.6  94  13.7 
 3.00  9  1.3  0  0.0  9  1.3 
 Total  496  72.2  191  27.8  687  100 
  Lens implant  
 No implant  65  9.5  58  8.4  123  17.9  0.000 
 Implant  431  62.7  133  19.4  564  82.0 
 Total  496  72.2  191  27.8  687  100 

(continued)
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   Postoperative vision was compared according to the type of injury. Primary 
 posterior capsulectomy and anterior vitrectomy, commonly performed for eyes with 
signifi cant infl ammation, resulted in a signifi cant improvement in fi nal visual acuity 
(Table  21.15 ;  p  < 0.001). We performed IOL relocation in fi ve cases and secondary 
membranectomy in four cases.

   When we have studied time interval between injury and initial intervention we 
found best results achieved if initial intervention done between 2 and 30 days 
(Tables  21.16  and  21.17 ). We have also studied the probable main reasons for no 
improvement in vision (Table  21.18 ).

 Parameter 

 Open globe  Closed globe  Total 

 No  %  No  %  No  %   p  Value 

  Final visual outcome  
 <1/60  110  22.2  64  33.5  174  25.3  0.000 
 1/60 to 3/60  38  7.7  18  9.4  56  8.1 
 20/200 to 20/80  38  7.7  27  14.1  65  9.4 
 20/60 to 20/40  110  22.1  38  19.8  148  21.5 
 20/40 to 20/20  188  37.9  37  19.3  225  32.7 
 Uncooperative  12  2.4  6  3.1  18  2.6 
 Total  496  100  191  100  687  100 

Table 21.13 (continued)

    Table 21.14    Final visual outcome   

 Visual acuity 

 Open globe  Close globe  Total 

 NO  %  NO  %  NO  % 

 <1/60  110  22.2  64  33.5  174  25.3 
 1/60 to 3/60  38  7.7  18  9.4  56  8.1 
 20/200 to 20/80  38  7.7  27  14.1  65  9.4 
 20/60 to 20/40  110  22.1  38  19.8  148  21.5 
 20/32 to 20/20  188  37.9  37  19.3  225  32.7 
 Uncooperative  12  2.4  6  3.1  18  2.6 
 Total  496  100  191  100  687  100 

   Table 21.15    Primary posterior capsulectomy and vitrectomy and initial best corrected visual 
acuity   

 Procedure 

 <1/60 
 1/60 to 
3/60 

 20/200 to 
20/80 

 20/60 to 
20/40 

 20/32 to 
20/20  Total 

  N   %   N   %   N   %   N   %   N   %   N   % 

 Not performed  76  13.7  26  4.8  71  12.8  101  18.2  88  15.8  362  65.2 
 Performed  34  6.1  14  2.5  32  5.8  11  1.9  11  1.9  102  18.4 
 Total  110  19.8  40  7.2  103  18.5  122  20.2  99  17.8  464  83.6 
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     We grouped our patients into four groups according to the interval between 
injury and the start of intervention: 25 % patients within 24 h, 11.4 % between 2 and 
4 days, 29 % within 30 days, and 34.4 % after 30 days (Table  21.16 ). Patients 
residing in rural areas reported signifi cantly later ( p  = 0.011). A signifi cant difference 
was found for socioeconomic status ( p  = 0.008). Self-reporting patients reported 
early, while patients who came from an outreach program reported late ( p  < 0.001). 
The fi nal visual outcome differed signifi cantly among the four groups (Table  21.17 ). 
Of the patients who reported between 2 and 30 days, 63 % recovered vision >20/80, 
while 48 % of the patients who reported within 24 h and after 30 days recovered 
vision >20/80 (Table  21.17 ). More surgery was performed in cases who reported 
early (Table  21.5 ). Patient who had open globe injury reported signifi cantly earlier 
( p  < 0.001, Table  21.13 ). 

    Table 21.16    Final visual outcome according to reporting time   

 Vision  0–1  2–4  5–30  More  Total 

 Uncooperative  3  2  4  8  17 
 <1/60  51  13  49  59  172 
 1/60 to 3/60  12  7  9  30  56 
 20/200 to 20/120  22  7  12  26  67 
 20/80 to 20/60  34  16  48  50  148 
 20/40 to 20/20  50  33  79  63  225 
 Total  172  78  201  236  687 

   p  = 0.02  

      Table 21.17    Distribution of reporting time and percentage of patients with a fi nal visual acuity 
>20/80   

 Reporting interval (%) 

 0–1  2–4  5–30  More  Total 
 Vision >20/80  48.8  63.6  63  48  54.4 

  Table 21.18    Probable 
reasons for failure of 
improvement in vision  

 Reason for failure  Number  Percentage 

 No reason  202  36.4 
 Corneal scar  27  5.0 
 Extensive posterior 
segment damage 

 14  2.5 

 Glaucoma  2  0.4 
 Infection  3  0.5 
 Infl ammation  28  5.0 
 Lens position  2  0.4 
 Lost follow-up  30  6.2 
 Other  7  1.3 
 Total  315 
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 We have studied the effect of age at time of intervention and found it to make a 
signifi cant difference on fi nal visual outcome ( p  = 0.000, Table  21.19 ).

   Lens implantation was done in 82 % of cases, and no signifi cant difference was 
found among the groups ( p  = 0.357). There was no signifi cant difference in the inci-
dence of infection among the groups ( p  = 0.931).The fi nal visual outcome in cases 
of injury with a wooden stick was signifi cantly different from the outcomes follow-
ing injuries caused by other objects (Table  21.20 ).

   The overall incidence of infection was 0.4 % (Table  21.21 ). Injury with a wooden 
stick had a zero incidence of infection, but this was not signifi cantly different from 
the infection incidence associated with injuries caused by other objects (Table  21.21 ). 
The fi nal visual outcome was signifi cantly affected by infection (Table  21.22 ).

21.4         Discussion 

 Visual gain following surgery for traumatic cataracts is a complex process. 
Electrophysiological [ 11 ] and radio-imaging [ 12 ,  13 ] investigations are important 
tools for assessing co-morbidities associated with an opaque lens. 

 Using a large database, we attempted to systematically classify the morphology 
of traumatic cataract and to select surgical techniques accordingly. 

 Various studies have touched on this topic. One study found 52.3 % total cata-
racts, whereas our results revealed 26.6 % total cataracts [6] Vajpayee reported an 
opening in the posterior capsule with types 1 and 2 openings with penetrating injury 
[ 6 ], whereas we found another membranous type of cataract (12.1 %) suggestive of 
late reporting, as membranous transformation of the lens with fusion of the anterior 
and posterior capsules may occur over time. 

 We were able to perform intraocular lens implants in 82.1 % of cases. Krishna-
machary reported implants in 65.5 % cases, Churchill et al. reported implants in 
46.8 % cases, and Fyodrove reported Sputnik implant in all cases [ 6 ,  7 ]. 

 Fyodrove reported surgical techniques according to pathology and degree of lens 
absorption, but did not systematically classify similar factors taken into account in 
our study [ 6 ,  14 ]. 

 These differences in fi ndings may refl ect the fact that of the 687 patients in our 
study, 30 % came from outreach activities and did not approach treatment facilities 
on their own. Therefore, the time period between ocular injury and reporting ranged 
widely, and morphology was also infl uenced by this interval. 

 We propose a specifi c morphological classifi cation for traumatic cataract, which 
may provide guidelines for management that incorporate available technology and 
improve care for these patients. 

 In our study of patients with open globe and closed globe injuries leading to 
traumatic cataract, a satisfactory grade of vision following surgical management 
was signifi cantly more common in those with open globe injuries (Table  21.14 ). 

 We are not aware of any other reported study that has compared fi nal visual out-
comes between these two groups, using the BETT classifi cation system. 
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 Brar et al. found that postoperative complications following ocular injuries were 
the main factor responsible for poor outcomes, with 20/40 or better vision seen in 
38.8 % of eyes with closed globe injuries and in 86.4 % of eyes with open globe 
injuries [ 15 ]. This difference in success rates could be attributed to differences in the 
type of ocular trauma, the presence of other ocular tissue damage, or variation in 
surgical procedures. In contrast, in a case series of 60 eyes with traumatic cataracts, 
Wos et al. found no signifi cant difference in visual outcome between those develop-
ing cataracts after perforating injuries and after non-perforating injuries [ 16 ]. 

 Wos et al. noted that a large proportion of the population with traumatic cataracts 
in their series was male [ 16 ]. Baclouti et al. did not fi nd a gender difference in trau-
matic cataracts in their study in Tunisia [ 17 ]. Although we had a large proportion of 
males in our cohort, the difference between the numbers of males and females was 

   Table 21.20    Visual outcome comparison between wooden sticks (ws) and other objects   

 Vision  WS  Other  Total 

 Uncooperative  9  8   17 
 <1/60  82  89  171 
 1/60 to 3/60  32  24   56 
 20/200 to 20/120  29  35   64 
 20/80 to 20/60  83  62  145 
 20/40 to 20/20  144  79  223 
 Total  379  297  676 

   χ  2  test,  p  = 0.002  

    Table 21.21    Infection comparison between wooden sticks (ws) and other objects   

 WS  Other  Total 

 Infection absent  384  300  684 
 Infection present    0    3    3 
 Total  384  303  687 

   χ  2  test,  p  = 0.08  

   Table 21.22    Visual outcome when infection is present   

 Infection 

 Total  Absent  Present 

 Uncooperative   18  0   18 
 <1/60  168  3  171 
 1/60 to 3/60   60  0   60 
 20/200 to 20/120   66  0   66 
 20/80 to 20/60  146  0  146 
 20/40 to 20/20  223  0  223 
 Total  684  3  687 

   χ  2  test,  p  = 0.02  
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not statistically signifi cant. Many working women in tribal areas may be at increased 
risk for ocular injuries and traumatic cataracts; this may explain the gender distribu-
tion noted in our study. We found a signifi cant ( p  = 0.020) difference in open globe 
injuries by gender, with males predominantly affected. 

 Behbehani [ 18 ] reported 20/40 fi nal visual outcome in 40 % cases of open globe 
injuries. Cillino [ 19 ] also reported fi nal visual acuity of 20/40 in 48.3 % of all injury 
cases. Smith [ 20 ] similarly reported 47.8 % of cases reaching 20/40 vision, combin-
ing open- and closed globe injuries. 

 Our cohort of patients with traumatic cataracts was much younger than those in 
other studies [ 14 ]. Thus, appropriate intervention to avoid visual disability in our 
cohort would be more cost effective, because the disability-adjusted life years saved 
by successful intervention would be much higher. 

 Using a large database, we attempted to systematically classify the morphology 
of traumatic cataract and to select surgical techniques accordingly. We used a 
practical grading of cataracts to enable ophthalmologists to determine the best mode 
of managing them. This grading differs from the standard grading used for senile 
cataracts [ 8 ]. Various studies have touched on this topic. Krishnamachary et al. 
found 52.3 % of cataracts to be total, whereas our results revealed 26.6 % total 
cataracts [ 6 ]. Vajpayee reported type-1 and -2 openings in the posterior capsule with 
penetrating injury [ 14 ], whereas we found a membranous type of cataract in 12.1 % 
of cases. This is suggestive of late reporting, as membranous transformation of the 
lens with fusion of the anterior and posterior capsules may occur over time. 

 Of the patients who reported between 2 and 30 days after their injury, 63 % 
recovered vision >20/80, while 48 % of the patients who reported within 24 h or 
after 30 days recovered vision >20/80. Patients who underwent intervention within 
24 h did not do as well as those who reported between 2 and 30 days in terms of the 
fi nal visual outcome. This might be attributed to open globe injuries being reported 
early, undergoing primary repair, and developing infl ammation, while late injuries 
were predominantly closed globe injuries and did not require more surgery [ 21 ]. 
Many studies have reported that early intervention is an important factor in better 
visual outcome [ 22 ]. 

 Gupta et al. and Zhang et al. reported that the incidence of infection is higher if 
primary closure is late [ 23 ,  24 ], although the incidence of infection did not vary 
signifi cantly in our study. Overall, the rate of infection in open globe injury in our 
study was 0.4 %, while reported values range from 2 to 17 % [ 25 ,  26 ]. 

 Behbehani et al. and Woś reported that the time interval between injury and 
 intervention did not make a difference in terms of the fi nal visual outcome [ 16 ,  18 ]. 
Jonas and Yang reported that the fi nal visual outcome was better with early interven-
tion with an intraocular foreign body [ 27 – 29 ]. 

 We are not aware of a study that examined the time interval between injury and 
treatment start for traumatic cataracts. 

 Many studies have reported that an object causing an open globe injury also 
causes infection [ 25 ,  26 ,  29 – 39 ]. In the present study, the total incidence of infection 
was 0.4 %, which is much lower than the incidence of endophthalmitis reported by 
Viestenz et al. (2–17 %) or by Cebulla (4–8 %) [ 40 ]. 
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 The fi nal visual outcome following an open globe injury caused by a stick was 
signifi cantly better than that following injuries caused by other objects ( p  = 0.002).  

21.5     Controversies 

 A number of issues regarding the management of traumatic cataract remain 
unresolved. The high risk of amblyopia and intraocular infl ammation as well as 
strong vitreoretinal adhesions in the pediatric age group requires management based 
on different principles. Prospective, controlled clinical studies of OGI are not 
possible. This article reviews pertinent data regarding these management issues and 
controversies, and provides recommendations for treatment based on the available 
published data and the authors’ personal experience. 

 Blindness due to injury is a social and economical burden on society and the 
individual [ 6 ].  

21.6     Controversies in Traumatic Cataract 

21.6.1     Controversies Regarding Epidemiology and Incidence 

 The incidence varies in different regions of world, based mainly on retrospective 
 studies or eye injury registries. Variability of incidence also arises due to different 
demographic conditions, age, sex, environment, and socio-economical conditions [ 4 ]. 
Within the pediatric age group, the incidence of traumatic cataract also varies [ 41 ,  42 ].  

21.6.2     Controversies Over Ocular Trauma Classifi cation 

 This is a proposed classifi cation as an improved BETTS classifi cation (Fig.  21.6 ).  

  Landmark for Zone III open globe injury . The International Ocular trauma classifi -
cation group has defi ned zone III injuries as those extending 5 mm beyond the lim-
bus. The length of 5 mm was determined arbitrarily, based on the justifi cation that 
injuries in that zone may not extend into the pars plana. Therefore, any injury not 
involving zone III or the pars plana region is predicted to have a favorable 
prognosis. 

 It is imperative that surgeons realize that traumatic cataract is not a senile cata-
ract. The injury is rarely limited to the lens alone, but may also be associated with 
the zonules, posterior capsule, and posterior segment. A patient with traumatic cata-
ract should be warned about the potential visual outcome and the high risk of intra-
operative problems.  
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21.6.3     Controversies About the Morphology of Traumatic 
Cataract 

 There is no standard morphological classifi cation. Attempts at grading have been 
made, but these are arbitrary [ 42 ]. The morphology of traumatic cataract depends 
mainly upon the type of injury and the time interval between the injury and 
intervention. 

 One study proposed that all cases of cataract could be assigned to these groups [ 10 ].  

Mechanical 
eye injury

Orbital and 
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Orbital
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  Fig. 21.6    Newer and improved BETTS classifi cation of mechanical ocular trauma       
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21.6.4     Controversies in the Management of and Surgical 
Approaches to Traumatic Cataract 

 In adults in whom amblyopia is not an issue, the choice of surgery is governed by 
the surgeon’s own preferences and to a certain extent by the status of the cataractous 
lens. If the anterior capsule is signifi cantly disrupted and there is free fl oating lens 
matter in the anterior chamber, the surgeon may be justifi ed in primary cataract 
extraction with or without intraocular lens (IOL) implantation (Fig.  21.3 ). 

 Eyes with a lens vitreous admixture should be considered for combined cataract 
extraction with limited anterior vitrectomy. Care should be taken to judiciously use 
a vitrector and not an aspirator while removing vitreous admixture in the ruptured 
lens matter (Fig.  21.3 ). Any traction on the vitreous can result in inadvertent retinal 
breaks [ 40 ]. When there is additional injury to the posterior segment, early pars 
plana lensectomy and vitrectomy by a posterior segment specialist is warranted 
[ 40 ]. In eyes with an intact anterior capsule and total traumatic cataract, second 
sitting cataract extraction with IOL implantation should be the best and safest 
approach for optimal visual outcome (Fig.  21.5 ) [ 43 ,  44 ]. 

 Wherever possible, a multistep procedure after control of infl ammation, with 
adequate corneal clarity and an appropriate IOL power calculation, should be 
adopted [ 44 ,  45 ]. A surgical approach of anterior vs. posterior via the pars plana 
route is debatable. 

 The following types of surgical approach may be used, according to morphology:

•    Unimanual or bimanual aspiration. 
 Lensectomy/membranectomy using the limbal or pars plana approach and inser-

tion of the lens in the sulcus.  
•   Phacoemulcifi cation or small-incision cataract surgery when the nucleus is 

harder [ 10 ].     

21.6.5     Controversies Related to Pediatric Traumatic Cataract 

 Incidence: Incidence varies among reports, most of which were retrospective and 
with small databases. Studies of traumatic cataracts in children reported incidences 
of 25 % in southern India and 12 and 46 % in western India [ 4 ,  41 ,  42 ]. 

 Challenges in children with traumatic cataract include amblyopia, a tendency for 
infl ammation, synechiae, and after cataract [ 7 ]. 

 Children account for approximately one-third of cases of serious eye injuries 
[ 46 ]. Despite this, the classifi cation and scoring system in pediatric trauma is based 
on those developed for adults [ 46 ]. The controversy over the position of zones II and 
III is even more pronounced in pediatric trauma. During the fi rst 5 years the length 
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of the pars plana changes rapidly from ~1.8 mm in neonates to 3 mm by 1 year of 
age and reaches 5 mm by 5 years of age [ 47 ,  48 ]. Therefore, pediatric trauma 
assessment for research purposes is prone with inaccuracy, depending on how the 
injury is classifi ed. 

 Children and younger patients exhibit stronger adherence between the posterior 
capsule and the anterior vitreous centrally; furthermore, the central vitreous is 
anatomically connected to the peripheral retina at the vitreous base [ 43 ]. Any trac-
tion on the anterior vitreous face is transmitted to the retina, and the younger 
the patient, the greater the risk. Additionally, children are at risk of amblyopia. 
In younger children, a surgeon may resort to a single-step procedure and perform 
lens extraction, IOL implantation, and, if required, anterior vitrectomy for an opti-
mal outcome [ 15 ,  49 – 52 ]. Primary IOL implantation not only prevents amblyopia 
but also synechiae formation that can close the bag by the time secondary IOL 
implantation is due to be carried out [ 18 ]. 

 Although the management of trauma in children has many similarities to that in 
adults, striking differences also exist. Foremost is that adults have reached visual 
maturity whereas amblyopia is a major contributor to poor outcomes in children, 
especially those under 5 years old. The worst outcomes reported were that less than 
half of the children with an OGI achieved good vision and amblyopia was a major 
confounding factor [ 16 – 18 ]. When treating children with OGI, to achieve a clear 
visual axis following globe repair this must be accompanied by accurate refraction 
and aggressive patching therapy to improve the visual outcomes [ 53 ]. Another 
difference is that a simple examination can prove diffi cult in a child, especially 
during the early stages after trauma, resulting in a requirement for general anesthesia 
or sedation for proper assessment. The involvement of a pediatric ophthalmologist 
and access to pediatric facilities is therefore essential for ultimate management. 

 Optical rehabilitation is important since an IOL may not be implanted in all cases 
[ 54 ]. Orthoptic treatment following optical correction, including patching and 
monitoring of visual regain, is vital because amblyopia is an important factor [ 54 ]. 

 In conclusion, children with an OGI cannot simply be treated as small adults. 
Patient age and the effects of amblyopia should be included as additional negative 
prognostic factors.  

21.6.6     Controversies Related to the Timing of Intervention 

 Controversy exists over the timing of cataract extraction and IOL implantation. 
Arguments can support both primary and secondary cataract extractions; thus a 
number of crucial facts should be considered before making a decision. Cataract 
extraction together with primary wound repair may have distinct advantages, such 
as controlling infl ammation, but also has the possibility of raised intraocular 
pressure due to soft lens matter in the anterior chamber [ 10 ]. Secondary advantages 
include the direct visualization of the posterior segment and optic nerve [ 11 ]. 
Similarly, in pediatric patients the removal of media opacity may be crucial to 
prevent vision-deprivation amblyopia. In patients with lens vitreous admixture, this 
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is a potent stimulator for further proliferative vitreoretinopathy and can also result 
in traction on the retina, hence primary extraction of the lens and vitreous is 
imperative in such patients [ 55 ,  56 ]. Minor advantages of primary lens removal are 
the patient’s convenience and possibly cost effectiveness [ 11 ]. 

 Proponents of second sitting cataract extraction recommend good control of 
intraocular infl ammation, good media clarity, and a stable wound before planning 
for traumatic cataract extraction [ 11 ,  57 ]. If there is adequate control of infl ammation, 
IOL implantation at second stage cataract extraction may be associated with a better 
outcome [ 11 ,  56 ]. An IOL power calculation is appropriate if IOL implantation is 
planned for a second sitting [ 44 ,  55 ]. 

 Current data suggest that improved visual outcome results from intervention at 
2–30 days [ 56 ]. 

 A number of facts must be known before embarking on primary or delayed 
 cataract extraction with IOL implantation. These include the age of the patient, the 
expertise of the surgeon and assisting staff, the infrastructure available, and the 
status of the cataractous lens and the lens vitreous admixture, which will act as a 
guide to the surgeon in planning the surgery. 

 Under no circumstances should the ophthalmologist subject a patient to half- 
completed or compromised surgery because of a lack of expertise or proper infra-
structure. If the facility is not equipped to provide the surgeon after-hours with the 
full range of equipment, instruments, and material together with a full and knowl-
edgeable staff, it is better not to contemplate primary lens removal. In most hospitals 
across the world when an OGI is seen during after hours, the state-of-art facilities 
are not normally available to attempt cataract extraction and IOL implantation.  

21.6.7     Controversies Regarding Predictive Methods 

 Clinical conditions that might predict prognosis: 

  Relative Afferent Pupillary Defect  ( RAPD ). There is suffi cient evidence to suggest 
that RAPD may produce false positives with regard to damage to the optic nerve or 
retina in the presence of severe hyphema or subretinal vitreous hemorrhage, which 
may disappear after resorption or removal of the hemorrhage [ 11 – 13 ,  20 ]. Therefore, 
RAPD alone is a poor prognostic factor, may not be appropriate, and the possibility 
of reversal exists [ 58 ]. RAPD therefore should be weighted equally with other pre-
operative variables following ocular trauma. 

  Type of injury . This may infl uence visual outcome. Reports have suggested open 
globe injury has a better outcome, whereas the opposite was true for penetrative 
injury [ 57 ,  59 ,  60 ]. Infl uences open globe of BETT (Birmingham Eye Trauma 
Terminology) as a predictive factor. 

  Predictive model . The Ocular Trauma Score (OTS) was developed to provide more 
accurate information on visual prognosis. However, it is not clear whether children 
were included in the databases of the over 2,500 serious ocular injuries from which 
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the method was formulated [ 61 ,  62 ]. Reports from India validated OTS using 787 
cases of traumatic cataract [ 63 ,  64 ]. 

 Two important factors in calculating the OTS, initial visual acuity and RAPD, 
are very diffi cult to obtain for children after trauma, especially those in the younger 
age group, rendering the OTS inaccurate or even unusable. Two groups recently 
assessed the value of the OTS in pediatric patients aged from 2 years, coming to 
opposite conclusions, thus adding to the controversy [ 65 ,  66 ]. A new pediatric 
Ocular Trauma Score (POTS) to refi ne prognostic accuracy in children in whom 
initial vision is not accurate was published recently [ 67 ]. As in many other studies 
of pediatric trauma, it lacks the statistical power of the OTS due to its relatively 
small sample size, and its predictive power remains untested. OTS may be a valid 
predictor of visual outcome in children following surgery in a study of 354 trau-
matic cataracts in children [ 66 ]. 

 Regression tree analysis has also been used, but has not been validated [ 68 ].  

21.6.8     Controversies About Primary Posterior Capsulotomy 

 Determination of the correct IOL power prior to surgery may be diffi cult, if not 
impossible, for a range of reasons. Often the other eye serves as a guide, and 
infl ammatory debris can settle on the IOL surface, cleansing of which may require 
postoperative YAG laser treatment or even surgery. In addition, the edge of the IOL 
will interfere with the surgeon’s visualization of the peripheral retina should 
subsequent proliferative vitreo retinopathy development necessitate vitrectomy 
[ 55 ]. There has been considerable controversy over the use of primary posterior 
capsulotomy [ 56 ,  57 ]  

21.6.9     Controversy Surrounding Preoperative Visual Acuity 
of No Light Perception and Poor Visual Prognosis 

 Visual acuity can be profoundly impaired, even to the extent of no light perception 
(NLP), in the presence of signifi cant media opacity (e.g., corneal edema, hyphema, 
cataract, dense vitreous hemorrhage), retinal detachment, associated subretinal or 
subhyaloid hemorrhage, hemorrhagic choroidals, and even psychological factors 
(e.g., hysteria). Assessment of light perception is a subjective measurement and not 
a full-proof test in the presence of severe media opacity secondary to dense vitreous 
hemorrhage, traumatic cataract, dense hyphema, or corneal edema [ 69 ]. Even with 
the bright light of an indirect ophthalmoscope, the assessment of light perception 
can give a false impression of NLP [ 59 ]. Ultrasonography is useful for assessment 
of the posterior segment in eyes with media opacity and to differentiate between 
retinal detachment and vitreous hemorrhage [ 59 ]. However, using this methodology 
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it is sometimes diffi cult to differentiate a detached retina from blood clots in the 
vitreous cavity or membranes [ 59 ]. Before deciding on enucleation in patients with 
NLP, reversible causes of vision loss should be excluded, including psychological 
factors [ 59 ,  69 ]. Even in situations where enucleation appears inevitable, the 
ophthalmologist should still discuss the possible options with the patient before 
making a fi nal decision. Primary enucleation for severely traumatized eyes with 
NLP is controversial due to the risk of sympathetic ophthalmia. Sympathetic 
ophthalmia with the potential for bilateral blindness is a relative indication for 
enucleation of an injured eye [ 9 ]. Therefore, primary surgical repair should not 
necessarily be abandoned because of the risk of sympathetic ophthalmia in eyes 
with NLP. Currently, most surgeons recommend a globe salvaging procedure for 
eyes with severe trauma with NLP vision at initial presentation. 

 Controversy remains regarding the age in children at which IOL insertion and 
rehabilitation of aphakia can be undertaken.  

21.6.10     Controversies About Infection Following 
Open Globe Injury (OGI) 

 Many studies have reported infection and endophthalmitis following OGIs [ 21 – 24 , 
 70 ]. Intraocular infection is also common with a retained intraocular foreign 
body [ 57 – 59 ]. 

 Absence of infection following wooden stick injuries due to the antimicrobial 
and antifungal properties of certain plants has been reported [ 60 – 66 ]   

21.7     Conclusion 

 Despite the advances in state-of-the-art surgery and in the understanding of ocular 
trauma, a range of unresolved, controversial issues remain in the management and 
treatment of OGIs. Over the last two decades all have been addressed and real 
progress in many aspects of defi nitive management of traumatic cataracts has been 
made. 

 The timing of intervention in traumatic cataract appears to be a never-ending 
debate. “Sooner the better” was the traditional view; however, an alternative view is 
that a better outcome results from intervention at 3–30 days. Although a controlled, 
prospective clinical trial would be ideal, no two ocular trauma cases are alike, and 
confounding factors can affect the fi nal outcome. 

 Morphological assessment might be used to guide management. 
 The age at intervention and laterality play important roles as predictors of visual 

outcome. 
 The accuracy of predictive models varies between adults and pediatric traumatic 

cataract cases. 
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 Controlling for the signifi cant differences that occur among individual injuries is 
diffi cult. This makes highly problematic independent assessment of potential risk fac-
tors or treatment variances for visual and anatomical outcome. Current management is 
based on the surgeon’s experience and will continue to be based on a retrospective 
review of accumulated data and the personal preferences of the treating ophthalmolo-
gist open globe injury. These types of management problems are dealt with on a case-
by-case basis, and even the most experienced ophthalmologist open globe injury will 
at some time fi nd themselves in a dilemma regarding strategic planning of ocular 
trauma management. This report has attempted to provide a comprehensive overview 
of most of the controversies pertaining to the management of OPEN GLOBE INJURYs, 
and has presented our preferred guidelines. This should aid ophthalmologist open 
globe injury in patient counseling and the decision- making process regarding the man-
agement of OPEN GLOBE INJURYs involving the anterior or posterior segment. 

 In summary, the vast majority of ophthalmologists who encounter a traumatic 
cataract have suffi cient experience in lens extraction and IOL implantation in the 
non-traumatic setting. What every ophthalmologist must accept is that an injured 
lens requires many individualized, conscious decisions regarding what to do, when 
to do it, and how to achieve the best possible outcome.  

21.8     Literature Review 

 In this review, we identifi ed pertinent articles on traumatic cataract from a combina-
tion of sources including electronic database searches and manual searches through 
the literature. A computerized search of the PubMed database (National Library of 
Medicine) in Endnote was performed up to July 2012. The term traumatic cataract 
was used for a broad and sensitive search. Subsequently all the abstracts were care-
fully scanned and were divided into subcategories covering topics including type of 
injuries,  morphology ,  presenting visual acuity ,  surgical techniques , and  ocular 
trauma scores . Non-English articles were included when deemed necessary. Copies 
of the entire articles were obtained. Reference lists of identifi ed sources were used 
to glean more articles on the same topic. Additional books cited from these refer-
ences were also used. 

21.8.1     Conclusion 

     1.    Morphology of traumatic cataracts and hence surgical technique may infl uence 
fi nal visual outcome   

   2.    We obtained good visual outcomes after managing traumatic cataracts. According 
to results satisfactory visual acuity following cataract surgery was more likely 
with open globe injuries than with closed globe injuries   

   3.    Following primary repair of any ocular injury, the fi nal visual outcome in terms 
of traumatic cataracts may be better if treatment is delayed for a week or so.          
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      Abbreviations 

   BETTS    Birmingham Trauma Terminology Systems   
  IOL    Intraocular lens   
  IOP    Intraocular pressure   
  OGI    Open globe injury   
  OTS    Ocular trauma score   

22.1           Introduction 

 Childhood cataracts are responsible for 5–20 % of blindness in children worldwide 
and for an even higher percentage of childhood visual impairment in developing 
countries [ 1 – 5 ]. 

 The overall incidence of clinically signifi cant cataracts (unilateral or bilateral) in 
childhood is unknown, but has been estimated to be as high as 0.4 % [ 6 ,  7 ]. The 
prevalence of childhood cataract varies from 1.2 to 6.0 cases per 10,000 infants. 
Pediatric cataracts are responsible for more than one million cases of childhood 
blindness in Asia. In developing countries, such as India, 7.4–15.3 % of childhood 
blindness is due to cataracts [ 8 ,  9 ]. Internationally, the incidence is unknown. 
Although the World Health Organization and other health organizations have made 
outstanding progress in vaccination and disease prevention, the rate of congenital 
cataracts remains much higher in underdeveloped countries. 
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 The visual results of cataract surgery in children have generally [ 10 ,  11 ] been 
poorer than in adults [ 1 – 3 ,  6 ,  11 ,  12 ]. This difference is due, in part, to the various 
types of amblyopia that develop in children with cataracts, the association of 
nystagmus with early onset cataracts, and the presence of other ocular abnormalities 
that adversely affect vision in eyes with developmental lens opacities. Since the 
introduction of the aspiration technique for cataract removal by Scheie in 1960, 
surgical procedures for the removal of the lens in childhood have improved [ 13 – 15 ]. 
and earlier surgery for congenital cataracts has been encouraged [ 16 ,  17 ]. 

 Congenital cataracts are one of the most common causes of treatable blindness in 
children, particularly in developing countries [ 1 ]. A recent report indicated that 
infants with bilateral congenital cataract who underwent early surgery (within 
1 month of birth) and received appropriate optical rehabilitation could obtain visual 
acuity of better than 0.4 and could even achieve stereopsis [ 2 ]. However, because of 
typically relatively late detection and diagnosis, the nonavailability of facilities for 
infant anesthesia, and poor compliance with long-term follow-up, the visual progno-
sis for infants with congenital cataract in developing countries differs markedly from 
that in industrialized countries. Visual loss is primarily attributable to amblyopia, 
most importantly, to “stimulus-form deprivation amblyopia,” with the additional 
factor of ocular rivalry in unilateral disease. Thus, improved understanding of the 
critical periods of visual development has resulted in surgical intervention for dense 
cataracts being deemed necessary within the fi rst 3 months of life, possibly as early 
as the fi rst 6 weeks in unilateral disease. Clinical factors believed to be important to 
visual outcome in children include age at diagnosis and surgery, type of refractive 
correction, type of cataract surgery, compliance with occlusion regimen, aetiology 
of the cataract, presence of non-ophthalmic disorders, development of capsular 
opacity or secondary membrane, and serious ocular postoperative complications.  

22.2     Materials and Methods 

 Study approval taken from hospital ethical committee, written consent was obtained 
from parents/guardians for participation in study. A Prospective hospital-based 
study was conducted in a tertiary care eye hospital in western India over 20 year’s 
period from January 1992 to April 2012. All demographic details were documented 
including socioeconomical details according to Kuppuswamy grading [ 18 ] 

 All pediatric patients (0 to 18) having cataract were enrolled in the study from 
January 1992 to April 2012. Patient’s primary details, history, and all details were 
documented in pretested online format. An ocular trauma detail was documented in 
online world eye injury registry form. Vision checkup of each eye was assessed 
according to the American academy of pediatric vision checkup protocol. Anterior 
segment examination was done using the slit lamp biomicroscope. The pupils were 
dilated according to dilatation protocol. 

 The ocular pressure was measured using Perkin’s hand-held tonometer. If this 
was not possible, the pressure was measured under general anesthesia. This 
procedure was omitted for eyes having open globe injuries. The posterior segment 
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of the eye was evaluated with the help of an indirect ophthalmoscope and a +20 D 
Lens and an ultrasound “B” scan if media was not clear. 

 Surgical technique was decided according to the aetiology, morphology of 
cataract, and position of lens (Figs.  22.1 ,  22.2 ,  22.3 ,  22.4 , and  22.5 ). Surgery was 
either done by anterior or pars plana route. Anterior route surgeries were done either 
by phacoemulsifi er or manual suction. Membranectomy and lensectomies were 
performed using pneumatic cutter. Intraocular lens was not implanted in patients of 
less than 1.5 years. Children less than this age group were operated by lensectomy/
membranectomy and secondary implant was done after that. Patient was rehabilitated 
by glasses or contact lenses in-between. For IOL power calculation we have used a 
deducted power according to guidelines [ 19 ,  20 ].      

22.2.1     Specifi c for Traumatic Cases 

 For each patient enrolled in our study, we obtained a detailed history including the 
details of the injury and information on eye treatment and surgery performed to 
manage past ocular trauma. Data for both the initial and follow-up reports were 

  Fig. 22.1    ( a ,  b ) A Lamellar (Zonular) cataract       

  Fig. 22.2    ( a ,  b ) Floriform cataract       
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collected using the online BETTS format of the International Society of Ocular 
Trauma. Details of the surgery were also collected using a pretested online form. 
Ocular trauma score was calculated [ 9 ]. 

 The cases of traumatic cataract were grouped as those involving open globe ver-
sus those involving closed globe injuries. The open globe injuries were further 

  Fig. 22.3    Blue dot and 
sutural cataract       

  Fig. 22.4    ( a – c ) Lens with showing anterior and posterior lenticonus       
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 categorized into those with lacerations versus rupture. Lacerations of the eyeball 
were subcategorized into eyes with perforating injuries, penetrating injuries, or 
injuries involving an intraocular foreign body. The closed globe group was subdi-
vided into lamellar laceration and contusion. 

 Based on lenticular opacity, the cataracts were classifi ed as total when an exam-
iner did not observe clear lens matter between the capsule and nucleus (Fig.  22.6 ), 
membranous when the capsule and organized matter were fused and formed a mem-
brane of varying density (Fig.  22.7 ), white soft cataract with a ruptured capsule 
when loose cortical material was found in the anterior chamber together with a 
ruptured lens capsule (Fig.  22.8 ), and rosette type cataract for a lens with a rosette 
pattern of opacity (Fig.  22.9 ). We could classify all of the cataract cases seen with 
this classifi cation. Morphology was infl uenced mainly by the type, force, and object 
of injury and the time interval between the injury and examination [ 21 ].     

 In case of globe rupture type open globe injury, wound repair was done as fi rst 
stage and cataract was operated at second sitting. All steps of surgical techniques 
were documented in pretested online format. All traumatic cataract patients without 
infection were treated with systemic corticosteroids. In all patients with infl ammation 

  Fig. 22.5    ( a ,  b ) Neglected cataract       

  Fig. 22.6    ( a ,  b ) When no clear lens matter was visible between the capsule and the nucleus, the 
cataract was defi ned as a total cataract       
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  Fig. 22.7    ( a ,  b ) When loose cortical material was found in the anterior chamber together with a 
ruptured lens capsule, the cataract was defi ned as a white soft cataract       

  Fig. 22.8    ( a ,  b ) When the capsule and organized matter were fused and formed a membrane of 
varying density, the cataract was defi ned as a membranous cataract       

  Fig. 22.9    ( a ,  b ) A lens with a rosette pattern of opacity was classifi ed as a rosette type cataract       
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and membranous cataracts, primary posterior capsulotomy and anterior vitrectomy 
was performed [ 21 ]. 

 The surgical technique was selected according to morphology and the condition 
of tissues other than the lens. Phacoemulsifi cation was used to operate on cataracts 
with hard, large nuclei. With a lens that had either a white soft or rosette type cata-
ract, unimanual or bimanual aspiration was used. Membranectomy and anterior vit-
rectomy, via either an anterior or a pars plana route, were performed when the 
cataract was membranous. 

 In all patients undergoing corneal wound repair, the traumatic cataract was man-
aged in a second procedure. Recurrent infl ammation was more prominent in patients 
who had undergone previous surgery for trauma [ 9 ,  10 ]. In such cases, when the 
ocular medium was hazy due to infl ammation of the anterior vitreous, we performed 
a capsulectomy and vitrectomy via an anterior/pars plana route in adults. 

 In children younger than 1.5 years of age, both a lensectomy and vitrectomy via 
a pars plana route were performed, leaving the rim of the anterior capsule available 
for secondary lens implantation, and the same surgical procedures were used to 
manage the traumatic cataracts. Lens implantation as part of the primary procedure 
was avoided in all children younger than 1.5 years of age; these children were reha-
bilitated with optical correction, and secondary implantation was done after that. 

 All patients with injuries and without an infection were treated with topical and 
systemic corticosteroids and cycloplegics. The duration of medical treatment 
depended on the degree of infl ammation in the anterior and posterior segments of 
the operated eye. 

 All children received supportive amblyopia therapy from a qualifi ed pediatric 
orthoptist, and a pediatric ophthalmologist treated strabismus. 

 Postoperative follow-up was done according to pretested online format including 
vision, anterior and posterior segment fi ndings and intraocular pressure, at proper 
follow-up schedule. 

 Glasses were prescribed as media was clear and fi nal prescription was at 6 weeks 
postoperative. Patients undergone orthotic evaluation and amblyopic patients were 
treated with appropriate patching. Aphakic patients were rehabilitated either by 
glasses or by contact lenses. 

22.2.1.1     Follow-Up 

 The operated patients were re-examined after 24 h, 3 days, and 1, 2, and 6 weeks to 
enable refractive correction. Follow-up was scheduled for day 3, weekly for 
6 weeks, monthly for 3 months, and every 3 months for 1 year. 

 At every follow-up examination, visual acuity was tested according to age using 
the AAO guidelines. The anterior segment was examined with a slit lamp and the 
posterior segment with an indirect ophthalmoscope. Eyes with vision better than 
20/60 at the glasses appointment (6 weeks) were defi ned as having a satisfactory 
grade of vision. 
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 Patients developing after cataract underwent membranectomy. For children 
operated below the age of 1.5 years, secondary lens implantation was done after the 
age of 1.5 years. Patients were evaluated for stereopsis and contrast sensitivity using 
titmus vision tester or titmus fl y test. 

 During the examination, data were entered online using a pretested format 
designed by the International Society of Ocular Trauma (initial and follow-up 
forms), which was exported to a Microsoft Excel spreadsheet. The data were audited 
periodically to ensure completion. We used the Statistical Package for the Social 
Studies (SPSS 17) to analyze the data. We used descriptive statistics and cross 
tabulation to compare the cause and effect of different variables. The dependent 
variable was vision >20/60 noted at the follow-up 6 weeks after cataract surgery. 
The independent variables were age, gender, residence, time interval between the 
injury and cataract surgery, primary posterior capsulectomy and vitrectomy 
procedure, and type of ocular injury. 

 We compared all of the variables for both the open and closed globe groups using 
various statistical tests.   

22.2.2     Results 

 The enrolled patient group consisted of 1,305 eyes of 1,045 patients with cataract in 
pediatric age group, comprising 858 (65.7 %) males and 447 (34.3 %) females 
(Table  22.1 ). The mean patient age was 9.5 ± 4.7 years ranging from 0 to 18, mean 
9.4. Among these eyes, 610 (46.7 %) were traumatic, and 695 (53.3 %) were 
congenital or developmental cataract (Table  22.2 ). One thousand one hundred 
seventeen (85.6 %) (Table  22.3 ) presented with diminished vision and 188 (14.4 %) 
presented with    leukocoria.

     Amongst nontraumatic group eyes further subdivided in congenital 293 (22.5 %), 
developmental 373 (28.6 %), and secondary cataract 29 (2.2 %) (Table  22.2 ). 
According to cross tabulation and statistical analysis, the demographic factors 
analyzed, including socioeconomic status (74.5 % were of lower socioeconomic 
status) and residence (92 % were from rural areas), had no signifi cant relationship 
to the fi nal visual acuity. 

 With regard to patient entry, 9.2 % of the patients had received primary treatment 
prior to reaching our center, and this was not associated with a signifi cant difference 

  Table 22.1    Age and sex 
distribution  

 Age (years) 

 Sex 

 Female  Male 

 0 to 2  37  56 
 3 to 5  67  119 
 6 to 10  156  293 
 11 to 18  187  390 
 Total  447  858 
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in the fi nal visual outcome ( p  = 0.2). Of the total patients enrolled, 26.4 % entered 
via an outreach department, and 71 % were self-referred 

 Among the injuries, 30 % were reported within the fi rst 24 h, 30 % were reported 
within 3 days, and 33.9 % were reported within 1 month. A wooden stick was the 
most common object causing eye injury (51.4 %). Neither the injury-causing object 
( p  = 0.3) nor the activity at the time of injury ( p  = 0.3) was signifi cantly associated 
with the fi nal visual acuity. 

 A comparison between pre- and postoperative visual acuities showed that treat-
ment signifi cantly improved the visual acuity (Table  22.4 ;  p  = 0.000, Pearson’s  χ  2  
test;  p  = 0.001, ANOVA). An intraocular lens was implanted in 1,205 cases (92.3 %) 
and was signifi cantly associated with improved visual acuity ( p  = 0.000).

   When we compared visual outcome between traumatic and nontraumatic group, 
traumatic group is doing well (Table  22.5 ,  p  = 0.000).

   Final visual acuity following cataract surgery was >20/200 in 396 eyes (56.8 %) 
and ≥20/40 in 108 eyes (14.8 %) in nontraumatic group. In the traumatic group, the 
visual acuity was >20/200 in 334 eyes (54.6 %) and ≥20/40 in 108 eyes (14.8 %). 
The difference between the groups was signifi cant ( p  = 0.000). In total, 296 (22.6 %) 
eyes had a fi nal visual acuity ≥20/40 and 728 (57.8 %) eyes had a fi nal visual acuity 
>20/200 (Table  22.4 ). The follow-up period ranged from 1 to 3,084 days, with a 
mean of 117.4 days. 

   Table 22.2    Aetiology 
of cataract  

 Type of cataract  Frequency  Percent 

 Complicated  29  2.2 
 Congenital  293  22.5 
 Developmental  373  28.6 
 Traumatic  610  46.7 
 Total  1,305  100.0 

    Table 22.3    Comparison of visual outcome according to aetiology   

 Visual acuity 

 Type of cataract 

 Complicated  Congenital  Developmental  Traumatic 

 Uncooperative  0  9  6  5 
 <1/60  20  66  66  201 
 1/60 to 3/60  3  61  65  69 
 20/200 to 20/120  2  17  50  46 
 20/80 to 20/60  3  128  92  94 
 20/40 to 20/30  0  5  30  53 
 20/20 to 20/16  1  5  62  140 
 Total  29  291  371  608 

   p  = 0.000  
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 We found sensory nystagmus present in 221 (17 %) eyes which caused signifi -
cant difference in fi nal visual outcome (Table  22.6 ,  p  = 0.00).

   We have studied unilateral versus bilateral (Table  22.7 ,  p  = 0.000) and found bet-
ter results with unilateral cases. In nontraumatic group bilateral cases have better 
results (Table  22.7 ,  p  = 0.000).

   Table 22.5    Comparison 
of visual outcome amongst 
traumatic and nontraumatic 
group  

 Visual acuity 

 Cataract 

 Nontraumatic  Traumatic 

 Uncooperative  15  5 
 <1/60  153  201 
 1/60 to 3/60  130  69 
 20/200 to 20/120  70  46 
 20/80 to 20/60  224  94 
 20/40 to 20/30  36  53 
 20/20 to 20/16  69  140 
 Total  697  608 

   p  = 0.000  

   Table 22.6    Comparison 
of visual outcome according 
to presence of sensory 
nystagmus  

 Visual acuity 

 Sensory_nystagmus 

 No  Yes 

 Uncooperative  13  7 
 <1/60  302  52 
 1/60 to 3/60  150  49 
 20/200 to 20/120  96  20 
 20/80 to 20/60  230  88 
 20/40 to 20/30  88  1 
 20/20 to 20/16  204  5 
 Total  1,083  222 

   p  = 0.000  

    Table 22.4    Comparison of visual outcome according to preoperative visual acuity   

 Visual acuity 
(post op) 

 Visual acuity (preoperative) 

 Uncooperative  <1/60 
 1/60 
to 3/60 

 20/200 
to 20/120 

 20/80 
to 20/60 

 20/40 
to 20/20 

 20/30 
to 20/20 

 Uncooperative  7  13  0  0  0  0  0 
 <1/60  7  321  11  11  3  1  0 
 1/60 to 3/60  1  128  54  11  5  0  0 
 20/200 
to 20/120 

 0  74  28  10  3  0  0 

 20/80 to 20/60  7  132  37  99  41  0  2 
 20/40 to 20/30  1  62  15  3  7  1  0 
 20/20 to 20/16  5  140  24  23  12  3  3 
 Total  28  870  169  157  71  5  5 

   p  = 0.000  
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   We have studied cases with amblyopia in unilateral as well as bilateral cataracts, 
and signifi cant difference was found in bilateral cases (Table  22.8 ,  p  = 0.000). In    
nontraumatic group we had 184 eyes with unilateral cataract with deprivational 
amblyopia vision improvement was not signifi cant ( p  = 0.510).

   We have studied and compared visual outcome taking laterality into account 
according to age    (<5/= and >5), and according to category (traumatic, nontrau-
matic) (Table  22.8 ). 

 We have concluded that visual outcome is better in unilateral cases if we con-
sider all subgroups, better with bilateral cases in group ≥5 ( p  = 0.000) with unilat-
eral cases in group >5 ( p  = 0.000). Visual outcome is better in traumatic group in 
unilateral ( p  = 0.02) and nontraumatic cases bilateral ( p  = 0.000). 

 We have also compared visual outcome for both groups    ≤5 and >5 (Table  22.8 ), 
found that in case of nontraumatic cases visual outcome is better in bilateral condi-
tions ( p  = 0.000) and in case of traumatic no signifi cant difference is found ( p  = 0.061) 
(Table  22.8 ). 

 When we studied traumatic group our cohort consisted of 354 patients with trau-
matic cataracts, including 287 (82.6 %) eyes with open globe ocular injuries and 67 
(17.3 %) eyes with closed globe injuries (Fig.  22.10 ). The patients included 252 
(71.1 %) males and 102 (28.8 %) females. The mean patient age was 10.6 ± 4.3 years 
(range 0–17) (Table  22.9 ). 

    Table 22.7    Comparative 
study of visual outcome 
according to laterality over 
all category of cataract in 
pediatric age group  

 Visual acuity 

 Laterality 

 Bilateral  Unilateral 

 Uncooperative  8  12 
 <1/60  76  278 
 1/60 to 3/60  98  101 
 20/200 to 20/120  59  57 
 20/80 to 20/60  187  131 
 20/40 to 20/30  29  60 
 20/20 to 20/16  59  150 
 Total  516  789 

   p  = 0.000  

          Table 22.8    Visual outcome 
according to age, laterality, 
aetiology   

 No  Category   p  Value  Conclusion 

 1  Total  0.000  UL better 
 2  Above fi ve  0.000  UL better 
 3  Under fi ve  0.001  BL better 
 4  Traumatic  0.020  UL better 
 5  Nontraumatic  0.000  BL better 
 6  Nontraumatic ≤5  0.000  BL better 
 7  Traumatic ≤5  No bilateral  NA 
 8  Nontraumatic >5  0.000  BL better 
 9  Traumatic >5  0.061  NA 
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   We analyzed several demographic factors, including patient entry ( p  = 0.000), 
cases self-reported as having done well (Table  22.10 ), socioeconomic status (79 % 
were from lower socioeconomic classes), and residence (95 % were from rural 
areas). None was signifi cantly related to the fi nal visual acuity according to cross 
tabulation and statistical tests.

    The object causing the injury (Table  22.12 ) and the activity at the time of the 
injury ( p  = 0.3; Table  22.11 ) were also not signifi cantly associated with a visual 
acuity at 6 weeks. A stick was the most common agent of injury (56.1 %; 
Table  22.12 ). Better outcome was achieved above 5 years (Table  22.13 ).

    A comparison of the pre- and postoperative visual acuity showed that treatment 
signifi cantly improved visual acuity (Pearson’s  χ  2  test,  p  = 0.000; ANOVA,  p  = 0.001; 

  Fig. 22.10    BETTS Distribution of traumatic cataract       

   Table 22.9    Age and sex 
distribution of traumatic 
cases   

 Age group 

 Sex 

 Total  Female  Male 

 0 to 1  2  2  4 
 2 to 4  12  33  45 
 5 to 10  44  88  132 
 11 to 16  44  129  173 
 Total  102  252  354 
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Table  22.14 ). Morphologically, lens ruptured with soft material in anterior chamber 
has done signifi cantly better (Tables  22.15  and  22.16 ). Aspiration was signifi cantly 
associated with improved visual acuity ( p  = 0.000) and was performed using one or 
two ports in 48.6 % of the patients in the open globe group.

   Table 22.10    Patient entry 
and visual outcome   

 Vision 

 Entry 

 Total  Self  ORD 

 Uncooperative  6  2  8 
 No PL  10  0  10 
 HMPL  36  16  52 
 1/200 to 19/200  39  28  67 
 20/200 to 20/50  66  29  95 
 ≥20/40  94  28  122 
 Total  250  104  354 

   p  = 0.000 
  ORD  out reach department  

   Table 22.12    Object causing 
the injury  

 Object  Number ( n )  Percentage (%) 

 Ball  5  1.4 
 Cattle horn  6  1.7 
 Cattle tail  1  .3 
 Finger  3  .8 
 Fire  10  2.8 
 Glass  4  1.1 
 Thorn  12  3.4 
 Other  31  8.8 
 Sharp object  31  8.8 
 Stone  38  10.7 
 Unknown  31  8.8 
 Stick  182  51.4 
 Total  354  100.0 

  Table 22.11    Activity at the 
time of the injury  

 Object  Number ( n )  Percentage (%) 

 Fall  6  1.7 
 Making a fi re  10  2.8 
 Housework  58  16.4 
 Employment  20  5.6 
 Other  45  12.7 
 Walking  4  1.1 
 Playing  195  55.1 
 Travelling  12  3.4 
 Unknown  4  1.1 
 Total  354  100.0 

22 Cataract in Pediatric Age Group: A Review



428

     Primary posterior capsulotomy and anterior vitrectomy, commonly performed 
for eyes with signifi cant infl ammation, caused no signifi cant improvement in the 
visual acuity at 6 weeks ( p  = 0.23). 

     Table 22.13    Comparative study of age and visual outcome in traumatic cataract in children   

 Vision 

 Age group (years) 

 Total  0 to 2  3 to 5  6 to 10  11 to 18 

 Uncooperative  0  6  2  0  8 
 No PL  1  2  4  3  10 
 HMPL  0  11  23  19  53 
 1/200 to 19/200  0  7  30  29  66 
 20/200 to 20/50  2  14  41  37  94 
 ≥20/40  1  5  32  85  123 
 Total  4  45  132  173  354 

   p  = 0.007 
  UC  uncorrected vision  

     Table 22.14    Pre-treatment and post-treatment vision following surgical treatment for traumatic 
cataract in children   

 Vision 

 Total  UC  No PL  PLHM  1/200 to 19/200  20/200 to 20/50  ≥20/40 

 UC  7  0  1  0  0  0  8 
 No PL  0  8  2  0  0  0  10 
 PLHM  0  4  48  1  0  0  53 
 1/200 to 19/200  0  1  48  16  0  1  66 
 20/200 to 20/50  1  3  64  22  4  0  94 
 ≥20/40  2  0  83  32  6  0  123 
 Total  10  16  246  71  10  1  354 

   p  = 0.000 
  UC  uncooperative  

     Table 22.15    Morphology and visual outcome following surgical treatment for traumatic cataract 
in children   

 Vision 

 Morphology 

 Total  Membrane  Rosette  Lens ruptured  Total 

 Uncooperative  1  0  6  1  8 
 No PL  2  0  4  4  10 
 HMPL  14  0  27  11  53 
 1/200 to 19/200  17  0  38  11  66 
 20/200 to 20/50  21  2  62  9  93 
 ≥20/40  12  4  97  11  124 
 Total  67  6  234  47  354 

   p  = 0.02  

M. Shah and S. Shah



429

 We also compared these variables in the open globe and closed globe subgroups 
(Tables  22.17  and  22.18 ) and found signifi cant differences in different subcategories.

    Six weeks postoperatively, the visual acuity in the operated eye was >20/200 in 181 
(63 %) and ≥20/40 109 (38 %) eyes in open globe group and >20/200 in 36 (53 %) 
and ≥20/40 16 (22.4 %) eyes in closed globe group ( p  = 0.143), and the difference 

    Table 22.16    Distribution 
according to morphology 
of cataract  

 Morphology  Number ( n )  Percent (%) 

 After cataract  25  1.9 
 Ant lenticonus  2  .2 
 Ant subcapsular  2  .2 
 Aphakia  38  3.0 
 Blue dot, fl oriform  10  .9 
 Complicated  18  1.4 
 Cortical + blue dot  2  .2 
 Cortical + PSC  2  .2 
 Decentred IOL  10  .8 
 Dislocated  1  .1 
 Ectopia lentis  14  1 
 Lamellar  233  17.8 
 Membranous  159  12.2 
 Microspherophakia  3  .2 
 Nuclear  8  .6 
 PHPV  1  .1 
 Postlenticonus  1  .1 
 Postsubcapsular  47  3.6 
 Rosette  15  1.1 
 Soft fl uffy with 
ruptured capsule 

 295  22.6 

 Sutural  2  .2 
 TOTAL  419  32.1 
 Total  1,305  100.0 

      Table 22.17    Type of injury 
and visual outcome following 
surgical treatment for 
traumatic cataract in children   

 Vision 

 Category 

 Total  Open  Closed 

 UC  3  5  8 
 No PL  3  7  10 
 PLHM  10  43  53 
 1/200 to 19/200  15  51  66 
 20/200 to 20/50  21  73  94 
 ≥20/40  16  109  125 
 Total  67  287  354 

   p  = 0.05 
  UC  uncorrected vision  
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between the groups was not signifi cant in children. Overall, 125 (35.3 %) eyes gained 
visual acuity at 6 weeks ≥20/40 and >20/200 in 214 (61.3 %) cases (Tables  22.14 , 
 22.17 , and  22.18 ). Penetrating subgroup of open globe improved signifi cantly better 
than other subcategories (Tables  22.14 ,  22.17 , and  22.18 ,  p  = 0.004). 

 We implanted an intraocular lens in 82 % of the cases, 90 % of which was poly-
methyl methacrylate and 10 % acrylic, 5 IOL subluxated or dislocated, polymethyl 
methacrylate lenses used for secondary implant and 30 % of the cases underwent 
more than one operative procedure. Of the children, 30 % reported within the fi rst 
24 hours of the injury. Time interval between injury and intervention did not make 
signifi cant difference in outcome at 6 weeks (Table  22.19 ,  p  = 0.172).

   Table  22.20  is displaying the list of complications encountered after surgery.
   We have studied the visual outcome of children under 5 years-old, as this is an 

age of amblyopia. 
 The enrolled patient group consisted of 128 eyes of 128 patients with cataract in 

pediatric age group (0 to 5), comprising 80 (62.5 %) males and 48 (37.5 %) females 
(Table  22.21 ). The mean patient age was 2.5 ± 0.73 years ranging from 0 to 5, mean 
2.5. Among these eyes, 85 (66.4 %) were traumatic, and 43 (33.6 %) were congenital 

      Table 22.18    Type of injury and visual outcome following surgical treatment for traumatic cataract 
in children   

 Vision 

 Type of injury 

 Total 
 Lamellar 
laceration  Contusion 

 Globe 
rupture  Penetrating  Perforating  IOFB 

 UC  2  1  0  5  0  0  8 
 No PL  1  2  3  2  1  1  10 
 PLHM  2  9  8  32  4  0  55 
 1/200 to 19/200  2  15  5  43  2  0  67 
 20/200 to 20/50  1  18  16  54  3  1  93 
 ≥20/40  2  12  2  101  2  2  121 
 Total  10  57  34  237  12  4  354 

   p  = 0.000 
  UC  uncooperative,  IOFB  intraocular foreign body  

   Table 22.19    Time interval between injury and intervention   

 Vision 

 Days before reporting 

 Total  0 to 2  3 to 7  8 to 30  >30 

 Uncooperative  4  0  2  2  8 
 No PL  5  2  0  3  10 
 HMPL  19  6  7  21  53 
 1/200 to 19/200  16  5  12  33  66 
 20/200 to 20/50  29  16  18  31  94 
 ≥20/40  37  17  39  30  121 
 Total  110  46  78  120  354 

   p  = 0.122  
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or developmental cataract. One hundred six (82.8 %) presented with diminished 
vision and 22 (17.2 %) presented with leukocoria.

   Amongst nontraumatic group, eyes were further subdivided into congenital 30 
(23.4 %), developmental 9 (7 %), and complicated cataract 4 (3.1 %). According to 
cross tabulation and statistical analysis, the demographic factors analyzed, including 
socioeconomic status (74.5 % were of lower socioeconomic status) and residence 
(92 % were from rural areas), had no signifi cant relationship to the fi nal visual acuity. 

 Regarding patient entry, 9.2 % of the patients had received primary treatment 
prior to reaching our center; this was not associated with a signifi cant difference in 
the fi nal visual outcome ( p  = 0.2). Of the total patients enrolled, 26.4 % entered via 
an outreach department, and 71 % were self-referred. 

 A comparison between pre- and postoperative visual acuities showed that treat-
ment signifi cantly improved the visual acuity overall and subcategories (Table  22.22 ; 
 p  = 0.005, Pearson’s  χ  2  test;  p  = 0.001, ANOVA). An intraocular lens was implanted 
in 114 cases (89.1 %), and was signifi cantly associated with improved visual acuity 
( p  = 0.000).

       When we compared visual outcome between the traumatic and nontraumatic 
groups, the nontraumatic group did signifi cantly better (Table  22.27 ;  p  < 0.001). 
Final visual acuity following cataract surgery was >6/60 in 22 eyes (51.1 %) and 
≥6/12 in 1 eye (2.3 %) in the nontraumatic group. In the traumatic group, the visual 

   Table 22.20    Complications 
following surgical treatment  

 Number  Percent 

 After cataract  6  .5 
 Aphakia  17  1.3 
 Corneal opacity  12  .9 
 Endophthelmitis  3  .3 
 Hyphema  7  .5 
 Infl ammation  16  1.2 
 IOL dislocation  7  .5 
 Iridodialysis  2  .2 
 Optic atrophy  1  .1 
 Optic capture  8  .7 
 Phithisis  3  .2 
 RD  7  .6 
 Secondary glaucoma  6  .6 
 Total  95  7.6 

    Table 22.21    Age and sex 
distribution under fi ve 
category   

 Age groups 

 SEX  Total 

 F  M  F 

 0 to 1  6  12  18 
 2 to 3  17  13  30 
 4 to 5  25  55  80 
 Total  48  80  128 
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acuity was >6/60 in 40 eyes (47.1 %) and ≥6/12 in 7 eyes (8.2 %). The difference 
between the groups was signifi cant ( p  < 0.001). In total, 62 (48.4 %) eyes had a fi nal 
visual acuity ≥6/60 and 8 (6.3 %) eyes had a fi nal visual acuity >6/12 (Table  22.22 ).

   We    have compared visual outcome according to age of intervention and found 
signifi cant difference; better results were achieved in age range between 0 to 1 
(Tables  22.23  and  22.27 ,  p  = 0.000). 

 Insertion of an IOL resulted in no signifi cant improvement in visual outcome 
(Tables  22.24  and  22.27 ;  p  < 0.001). 

 We compared fi nal visual outcome between the anterior and pars plana routes. An 
anterior approach resulted in a better outcome (Tables  22.25  and  22.27 ;  p  < 0.001). 

 We also studied visual outcome when a primary posterior capsulotomy and vit-
rectomy were performed. Primary posterior capsulotomy and vitrectomy were per-
formed in 53 (41.4 %) cases and no signifi cant difference was found (Tables  22.26  
and  22.27 ;  p  < 0.001 

 We compared results by morphology of the cataract in nontraumatic group. Good 
results were achieved with lamellar cataracts ( p  < 0.001). 

    Table 22.22    Comparison of visual outcome according to preoperative visual acuity under fi ve 
category   

 Post op vision 

 Preoperative vision 

 Total  Uncooperative  <1/60  1/60 to 3/60  6/60 to 6/36  6/24 to 6/18 

 Uncooperative  2  6  0  0  0  8 
 <1/60  0  39  2  2  2  45 
 1/60 to 3/60  0  5  4  2  2  13 
 6/60 to 6/36  0  8  0  0  0  8 
 6/24 to 6/18  1  23  0  17  5  46 
 6/12 to 6/9  0  3  0  0  0  3 
 6/6 to 6/5  0  3  0  2  0  5 
 Total  3  87  6  23  9  128 

   p  < 0.001  

   Table 22.23    Comparison of visual outcome according to age of intervention   

 Age category 

 Total  0 to 1  2 to 3  4 to 5 

 Uncooperative  1  4  3  8 
 <1/60  2  8  35  45 
 1/60 to 3/60  1  2  10  13 
 6/60 to 6/36  0  1  7  8 
 6/24 to 6/18  12  15  19  46 
 6/12 to 6/9  0  0  3  3 
 6/6 to 6/5  2  0  3  5 
 Total  18  30  80  128 

   p  = 0.008  
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   Table 22.24    Comparison of visual outcome according to 
presence of IOL   

 Postoperative vision 

 IOL 

 Total  N  Y 

 Uncooperative  2  6  8 
 <1/60  6  39  45 
 1/60 to 3/60  0  13  13 
 6/60 to 6/36  0  8  8 
 6/24 to 6/18  5  41  46 
 6/12 to 6/9  0  3  3 
 6/6 to 6/5  1  4  5 
 Total  14  114  128 

   p  = 0.511  

    Table 22.25    Comparison    of visual    outcome according to 
surgical approach   

 Postoperative vision 

 SURGICAL_A 

 Total  A  P 

 Uncooperative  1  7  8 
 <1/60  18  27  45 
 1/60 to 3/60  8  5  13 
 6/60 to 6/36  7  1  8 
 6/24 to 6/18  31  15  46 
 6/12 to 6/9  3  0  3 
 6/6 to 6/5  5  0  5 
 Total  73  55  128 

   p  = 0.001  

    Table 22.26    Comparison of visual outcome according to 
presence of primary posterior capsulotomy   

 Postoperative vision 

 PPC 

 Total  No  Yes 

 Uncooperative  4  4  8 
 <1/60  32  13  45 
 1/60 to 3/60  3  10  13 
 6/60 to 6/36  3  5  8 
 6/24 to 6/18  27  19  46 
 6/12 to 6/9  2  1  3 
 6/6 to 6/5  4  1  5 
 Total  75  53  128 

   p  = 0.054  
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       Table 22.27    Comparison of traumatic and nontraumatic group under fi ve category   

 Variable 

 Category 

 Total 

  p  Value 

 Nontraumatic  Traumatic 

  N   %   N   %   N   % 

 Habitate  Rural  30  23.4  58  45.3  88  68.8  0.12 
 Urban  23  17.9  27  21.1  50  39.1 

 Socioeconomical 
category 

 Rich  5  3.9  12  9.4  17  13.3  0.11 
 Poor  38  29.7  73  57.0  111  86.7 

 Age  0 to 1  11  8.6  7  5.5  18  14.1  0.01 
 2 to 3  12  9.4  18  14.1  30  23.4 
 4 to 5  20  15.6  60  46.9  80  62.5 
 Total  43  33.6  85  66.4  128  100 

 Pre op vision  Uncooperative  2  1.6  1  0.8  3  2.3  0.003 
 <1/60  21  16.4  66  51.6  87  67.9 
 1/60 to 3/60  4  3.1  2  1.6  6  4.7 
 6/60 to 6/36  9  7.0  14  10.9  23  18.0 
 6/24 to 6/18  7  5.5  2  1.6  9  7.0 
 6/12 to 6/9  0  0  0  0  0  0 
 6/6 to 6/5  0  0  0  0  0  0 
 Total  43  33.6  85  66.4  128  100 

 Post op vision  Uncooperative  5  3.9  3  2.3  8  6.3  0.005 
 <1/60  8  6.3  37  28.9  45  35.2 
 1/60 to 3/60  8  6.3  5  3.9  13  10.2 
 6/60 to 6/36  1  0.8  7  5.5  8  6.3 
 6/24 to 6/18  20  15.6  26  20.3  46  35.9 
 6/12 to 6/6  1  0.8  2  1.6  3  2.3 
 6/9 to 6/6  0  0  5  3.9  5  3.9 
 Total  43  33.6  85  66.4  128  100 

 Sensory 
nystagmus 

 No  34  26.6  84  65.6  118  92.2  0.000 
 Yes  9  7.0  1  0.8  10  7.8 
 Total  43  33.6  85  66.4  128  100 

 Amblyopia  No  41  32  76  59.4  117  91.4  0.000 
 Yes  2  1.6  9  7.0  11  8.6 
 Total  43  33.6  85  66.4  128  100 

 PPC  No  23  18.0  52  40.6  75  58.6  0.259 
 Yes  20  15.6  33  25.8  43  33.6 
 Total  43  33.6  85  66.4  128  100 

 IOL  No  5  3.9  9  7.0  14  10.9  0.538 
 Yes  38  26.7  76  59.4  114  89.1 
 Total  43  33.6  85  66.4  128  100 

 Surgical 
approach 

 Anterior  23  18.0  50  39.1  73  57.0 
 Posterior  20  15.6  35  27.3  55  42.9  0.349 
 Total  43  33.6  85  66.4  128  100 
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 We found strabismus in 64 (4.9 %) cases, of which 33 (50.8 %) was esotropia, 27 
(42 %) was exotropia, and 4 (7.2 %) was vertical strabismus with esotropia or exo-
tropia (Table  22.28 ). Out of all 36 % cases had special forms of strabismus like A 
pattern, V pattern, or Dissociated vertical deviation. In cases with strabismus 37 
(53.6 %) had sensory nystagmus, 56 (81.2 %) had amblyopia (Table  22.28 ).

   We compared strabismus according to age of intervention. Signifi cantly associa-
tion with strabismus was found with younger age group (Table  22.29 ;  p  < 0.001).

   When compared with category strabismus is less commonly associated with 
traumatic cataract ( p  < 0.001). 

 We examined unilateral versus bilateral cataracts ( p  < 0.001) and found signifi -
cant association with strabismus in bilateral cases. Sensory nystagmus was present 
in 250 (18.8 %) eyes and was signifi cantly associated with strabismus ( p  < 0.001). 
An intraocular lens was implanted in 1,187 cases (89.1 %) and was signifi cantly 
associated with strabismus ( p  = 0.000). 

 We have studied amblyopia according to age of intervention which was found 
signifi cantly differing (Table  22.29 ;  p  = 0.000) and patching has made signifi cant 
difference in fi nal visual outcome (Table  22.30 ).

22.2.3        Discussion 

 We have focused discussion for the points which has controversies and compared 
fi ndings of other studies too with conclusions. 

   Table 22.28    Type 
of strabismus  

 Type  Number ( n )  Percent (%) 

 Esotropia  33   50.8 
 Vertical   4    7.2 
 Exotropia  27   42.0 
 Total  64  100.0 

       Table 22.29    Amblyopia 
according to age   

 Age 

 Amblyopia 

 Total  Yes  No 

 ≤1  9  41  50 
 1 to 3  16  66  82 
 4 to 5  11  122  133 
 6 to 10  19  443  462 
 11 to 18  18  560  578 
 Total  73  1,232  1,305 

   p  = 0.000     
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22.2.3.1     Epidemiology and Demography 

 Our study agrees with Gogate et al. and Ram et al. that demographic factors did not 
have signifi cant difference on visual outcome [ 22 – 25 ].  

22.2.3.2     Aetiology 

 In terms of aetiology, pediatric cataracts occur due to genetic diseases, metabolic 
diseases, maternal infections, and trauma, and can also be idiopathic. The aetiology 
of cataracts can be established in up to half of the children with bilateral cataracts, 
but in only a small proportion of children with unilateral cataracts. 

 Aetiology causes signifi cant difference in visual outcome (Tables  22.3  and  22.5 , 
 p  = 0.000). 

 When we compared traumatic versus nontraumatic group we found age of inter-
vention and laterality also play important role.  

22.2.3.3    Morphology 

 Any opacifi cation of the lens and its capsule in children is defi ned as a pediatric 
cataract. Pediatric cataracts can be unilateral or bilateral. They can be subdivided 
based on morphology, as well as aetiology. Morphologically, the most common type 
of pediatric cataract is the zonular cataract, characterized by opacifi cation of a 
discrete region of the lens. This type includes nuclear, lamellar, sutural, and capsu-
lar cataracts [ 21 ]. 

 Polar cataracts are opacities of the subcapsular cortex in the polar regions of the 
lens. Almost all (90 %) anterior polar cataracts are unilateral; bilateral anterior polar 
cataracts are commonly asymmetric and typically do not progress over time. 
Posterior polar cataracts are often small, but even a small posterior polar cataract 
can impair vision. A distinctive type of posterior polar cataract is the posterior 
lentiglobus or lenticonus, in which a protrusion of the posterior capsule is present. 

   Table 22.30    Comparative study of pre and post patch vision   

 Post patch vision 

 Pre patch vision  Total 

 <1/60  1/60 to 3/60  6/60 to 6/36  6/24 to 6/18  <1/60 

 <1/60  7  0  0  1  8 
 1/60 to 3/60  2  21  0  0  23 
 6/60 to 6/36  0  4  4  0  8 
 6/24 to 6/18  1  0  2  27  30 
 6/12 to 6/9  0  0  3  1  4 
 Total  10  25  9  29  73 

  p = 0.000  
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Membranous cataracts form when the lens, cortex, and nucleus are partially or 
completely reabsorbed, leaving a small amount of opacifi ed lens material between 
the anterior and the posterior lens capsules. 

 Persistent hyperplastic primary vitreous (PHPV) is usually a unilateral ocular 
condition associated with a retrolenticular fi bro vascular membrane. Although the 
lenses in most eyes with PHPV are initially clear, they often become opacifi ed over 
time. Even when the lens remains clear, the retrolenticular membrane is usually suf-
fi ciently opaque to affect vision. 

 Nevertheless, we feel that some useful observations can be made on the basis of 
this review of patients. There seem to be two general categories of patients with 
congenital and developmental cataracts. One is characterized by extensive lens 
opacity and an early, obvious reduction in vision. These patients, who come for 
cataract surgery in the fi rst year of life, often have smaller-than-normal corneal 
diameters, poorly dilating pupils, and a vulnerability to delayed postoperative open- 
angle glaucoma. The other category includes patients with partial, often lamellar 
lens opacities, corneas of normal size, and a remarkably good visual prognosis. 
Lamellar cataract did signifi cantly better when compared with other morphologies 
in the nontraumatic group, similar to other studies (Tables  22.15  and  22.16 ). Of the 
patients in the fi rst category, 222 (17 %) developed nystagmus at 2–4 months of age, 
which was accompanied by a reduction in visual acuity despite a good anatomical 
result from surgery (Table  22.6 ). Early surgery, within the time frame indicated in 
[ 10 ], did not appear to stop the development of nystagmus, although some 
investigators have suggested that this may be so, based on anecdotal experiences 
with small numbers of patients [ 10 ,  17 ]. It is possible that even earlier surgery than 
we have done, undertaken in the fi rst few weeks of life, would have a more favorable 
infl uence on the development of nystagmus. On the other hand, the nystagmus may 
be a manifestation of a more general ophthalmic disorder that would not be infl u-
enced by the timing of surgery. Further evaluation of this question will require a 
randomized controlled study, because patient selection could infl uence the preva-
lence of nystagmus in any small series of patients, especially if all patients with 
congenital cataracts, regardless of type, were subjected to early surgery 

 Morphology of cataract play important role for visual outcome, as surgical tech-
niques may be decided by morphology and have signifi cant difference in fi nal visual 
outcome. Penetrating injury with ruptured capsule and soft cataract has better out-
come (Tables  22.15  and  22.16 ,  p  = 0.02, [ 21 ]).  

22.2.3.4    Age of Intervention and Laterality 

 Mean age in other studies was 7.1 [ 22 ,  23 ] which is less than our study. Age    of 
intervention made signifi cant difference for visual outcome (Tables  22.8  and  22.13 , 
 p  = 0.000); other investigators also have similar fi ndings [ 23 ]. 

 When compared traumatic and nontraumatic groups, the group with traumatic 
cataract is doing signifi cantly well as compared to the other group, which may be 
attributed to fully developed visual system in children above 5 years of age and 
other local or systemic anomalies in cases of congenital or developmental cataracts. 
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 When we tried to compare unilateral and bilateral we found that unilateral 
cataracts are doing well in contrast to other studies (Table  22.7 ) [ 10 ,  22 ,  23 ], may be 
attributed to large number of traumatic cases. 

 A prospective study of the outcome of surgery for cataracts in pediatric age 
group has several limitations. Although we believe that all patients included in the 
study had congenital, developmental, or traumatic lens opacities, not all patients 
were seen and followed by us from the time of birth. In particular, some patients 
with lamellar cataracts were not seen by us until they were several years old. 

 Regarding timing of intervention our study suggests that visual outcome is 
affected by age of intervention, aetiology, and laterality. In case of unilateral cataract 
sooner the better. Findings are similar in case of nontraumatic group [ 10 ,  24 ,  25 ]. 

 As study was over 20 long years surgical techniques evolved so surgeries 
performed in our series of patients were not identical in all cases. The surgery 
performed in our series of patients was not identical in all cases. For instance, the 
posterior capsule was handled differently at different times during the study period. 

 Additionally, the timing of surgery was not dictated by an established protocol, 
but was determined by the age at the time of referral and by the visual status of 
individual patients. Finally, some observations that in our series would have been 
useful for analysis were missing from our records because of lost follow-up. 

 In present study we have tried to study role of laterality along with other vari-
ables. Our results establishing importance of age group (≤5 and >5), traumatic and 
nontraumatic (Table  22.8 ) and amblyopia (Table  22.29 ) which is different than 
other studies [ 10 ,  24 – 26 ]. These are studies with very small sample size with 
retrospective design. 

 Deprivational amblyopia due to asymmetry of cataracts from the outset is very 
diffi cult to reverse, similar to the situation in patients with monocular congenital 
cataracts. An early start of treatment would seem to be the only hope of success in 
these asymmetrical cases [ 10 ]. 

 Our study suggesting various outcomes according to age (>5 and ≤5) similar to 
the study by Robb [ 10 ]. Our study refl ects, if we consider traumatic cases, better 
outcome in older age group, maybe because of less intense infl ammation. In case of 
nontraumatic group, sooner intervention has better outcome in type-1 cataract and 
later intervention in case of type-2 cataract (Table  22.8 ). We are not aware about any 
study which has specifi cally studied this aspect except small numbers [ 10 ,  27 – 29 ]. 

 The visual prognosis in this group of patients, whose surgery is usually performed 
after 5 years of age, at a time when increasing visual needs begin to exceed the limits 
imposed by 507 Bilateral Congenital Cataracts the lens opacities, is excellent [ 27 ]. 

 Conclusion: Laterality has a very important role to play in addition to other fac-
tors like age group and aetiology. Age of intervention affects visual outcome signifi -
cantly and our conclusions out of this study are—Aetiologically if cataract is of 
traumatic variety late intervention (age 11 to 18) has better outcome    ( p  = 0.000). In 
nontraumatic group, if cataract morphology is type-1 early age intervention has bet-
ter outcome ( p  = 0.000). In nontraumatic group, if cataract morphology is type-2 
with partial opacities late age interventions has better outcome ( p  = 0.000).  
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22.2.3.5    Traumatic Consideration 

 Visual gain following surgery for traumatic cataracts is a complex problem because 
it is not only the lens that determines the visual outcome, comorbidities play very 
important role. Our study concluded traumatic cataracts has better outcome in age 
group above fi ve [ 30 ,  31 ]. 

 Our study examined patients with open and closed globe injuries who developed 
traumatic cataracts. A satisfactory grade of vision following the management of 
traumatic cataracts was signifi cantly more frequent in the eyes with open globe 
injuries [ 30 ,  31 ] (Tables  22.17  and  22.18 ). 

 Various authors have reported different results in children with traumatic cata-
racts: Shah et al. [ 32 ] reported 20/60 or better in 56 % of their cases; Kumar [ 33 ] 
reported 20/60 or better in 50 %; Staffi eri [ 34 ], 6/40 or better in 35 %; Bekibele [ 35 ] 
20/60 or better in 35.6 %; Gradin [ 36 ] 20/60 or better in 64.7 % Brar [ 37 ] 0.2 or 
better in 62 %; Cheema [ 38 ] 20/80 in more than 68 % of their cases; Karim [ 39 ] 0.2 
or better in 62 %; Krishnamachary [ 40 ] 20/60 or better in 74 %; Knight-Nanan [ 41 ] 
20/60 or better in 64 %; Bienfait [ 42 ] 0.7 in 27 %; and Anwar [ 43 ] reported 20/40 
or better in 73 % of their cases. 

 Using a polymethyl methacrylate (PMMA) lens, Verma [ 44 ] reported a visual 
outcome similar to that found in our study. Eckstein [ 45 ] and Zou [ 46 ] reported that 
primary intraocular lens implantation is important for a better visual outcome, 
similar to our results. Also similar to our results, Vajpayee [ 47 ] and Gupta [ 48 ] 
reported primary insertion of an intraocular lens with posterior capsule rupture. 

 Shah [ 49 ] reported that a better visual outcome was achieved when intervention 
was done between 5 and 30 days in adults with traumatic cataracts. As in our study, 
Rumelt [ 50 ] found no signifi cant difference between primary and secondary 
implantation. 

 Staffi eri [ 34 ] performed primary implantation in 62 % of cases versus 82 % in 
our study. Kumar [ 33 ] and Verma [ 44 ] advocated primary posterior capsulotomy 
and vitrectomy for a better outcome; our results concurred. 

 We are not aware of any study that has compared the visual acuity at 6 weeks in 
children between two groups classifi ed using the Birmingham Eye Trauma 
Terminology Systems (BETTS). Shah et al. [ 29 ,  51 ,  52 ] reported a comparison 
between open and closed globe injuries in general population. We are also not aware 
of another large series of successfully treated traumatic cataracts in children. 

 Satisfactory visual outcome can be achieved in children with traumatic cataracts, 
no signifi cant difference were found amongst open and closed globe injuries in 
pediatric age group.  

22.2.3.6    Analyses of Under 5 

 The enrolled patient group consisted of 128 eyes of 128 patients with cataract in 
pediatric age group (0 to 5), comprising 80 (62.5 %) males and 48 (37.5 %) females 
(Table  22.21 ). The mean patient age was 2.5 ± 0.73 years ranging from 0 to 5, mean 
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2.5. Among these eyes, 85 (66.4 %) were traumatic, and 43 (33.6 %) were congenital 
or developmental cataract. One hundred six (82.8 %) presented with diminished 
vision and 22 (17.2 %) presented with leukocoria. 

 Mean age in other studies was 3.6 ± 1.5 [ 28 ] which is more than our study. Age 
of intervention made signifi cant difference for visual outcome (Tables  22.8  and 
 22.13 ,  p  = 0.000); other investigators also have similar fi ndings [ 29 ]. 

 Compared with or without primary posterior capsulotomy and vitrectomy we did 
not fi nd signifi cant difference over all (Table  22.26 ). Randomized controlled trial 
may be done to establish importance of this tool [ 14 ,  53 – 55 ]. 

 When compared anterior and posterior approach anterior approaches it was 
found that patients with anterior approach were doing well (Table  22.25 ) but poste-
rior approach was selected for more complex cases. A randomized controlled trial 
may be done to eliminate confounding conditions [ 56 – 59 ]. 

 The incidence of traumatic cataracts in children was higher than that reported 
previously [ 26 ,  60 – 62 ]. In a comparison of the traumatic and nontraumatic groups, 
the group with nontraumatic cataracts did signifi cantly better under age of 5 years 
in unilateral cases, likely attributable to comorbidities. 

 Patients having cataract surgery in the fi rst year of life, often have smaller than- 
normal corneal diameters, poorly dilating pupils, and a vulnerability to delayed post-
operative open-angle glaucoma. The other category includes patients with partial, 
often lamellar lens opacities, corneas of normal size, and a remarkably good visual 
prognosis. For traumatic cataract soft white with rupture did signifi cantly well. 

 Visual outcome in cases of pediatric cataract is multifactorial. Amongst these 
factors aetiology particularly trauma plays important role, traumatic cataract has 
poorer prognosis than nontraumatic group, particularly if age <5.  

22.2.3.7    Complications 

 Detection of posterior capsule rupture in presence of traumatic cataract is possible 
with various investigations. Surgical approach may change according to presence or 
absence of capsular tear. 

 There is a list of complications in Table  22.20  reporting complications in 95 
(7.6 %) cases such as aphakia, complications related lens mal position, infl ammation, 
and corneal opacities. The majority of them are attributed to traumatic causes. 

 Deprivational amblyopia is an important limitation to visual outcome. Some 
concern has been raised about the possibility of a higher complication rate following 
cataract surgery performed in the fi rst 2 months of life. While it is well-known that 
deprivational amblyopia is diffi cult to surmount in patients with unilateral congenital 
cataracts (Table  22.29  [ 10 ];) it is not a major factor in patients with bilateral partial 
or lamellar opacities, as long as their lens opacities are symmetrical. 

 Development of open-angle glaucoma is a known complication of early cataract 
surgery; surprisingly, there was no such case in our study. The cause of delayed 
open-angle glaucoma following congenital cataract surgery is not well-understood 
[ 10 ,  63 ]. It has been suggested that the trabecular meshwork is less porous because 
of early postoperative infl ammation. Another possibility is that there is an underlying 
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developmental abnormality of the anterior chamber angle, predisposing to the 
glaucoma and related to the developmentally small corneas and poorly dilating 
pupils that are seen in association with more severe congenital cataracts. The 27 % 
incidence of delayed open-angle glaucoma in patients who have had surgery in the 
fi rst 15 months is probably an underestimate, because we do not yet have 
postoperative pressure measurements in all patients and the glaucoma develops late. 
Certainly, ocular pressures should be monitored regularly after early congenital 
cataract surgery. The incidence of glaucoma following later surgery for congenital 
lamellar opacities was zero in our series [ 10 ].  

22.2.3.8    Amblyopia and Strabismus 

 Treatment of strabismic amblyopia following bilateral congenital cataract surgery is 
useful, although the ocular misalignment is sometimes hard to identify, and the 
amblyopia may be profound by the time it is recognized [ 10 ]. Deprivational 
amblyopia due to asymmetry of cataracts from the outset is very diffi cult to reverse, 
similar to the situation in patients with monocular congenital cataracts. An early 
start of treatment would seem to be the only hope of success in these asymmetric 
cases (Table  22.29  [ 10 ,  62 ,  64 ];) 

 Spanou, Alexopoulos et al. reported strabismus in 23 % and Magli, Iovine et al. 
[ 62 ,  64 ] Reported 34 % incidence of strabismus in contrast to only 4.9 % in our 
study [ 62 ,  64 ]. may be because of larger number of traumatic cataract. 

 With regard to unilateral and bilateral cases, we found that more incidence of 
strabismus in bilateral cataracts as contradicting other reports [ 62 ]. 

 When studied according to sensory nystagmus incidence of strabismus is higher 
in presence of sensory nystagmus. 

 Conclusions: Incidence of strabismus in case of pediatric cataract is only 5 %, 
more common in nontraumatic group, bilateral cases also in younger age group. 
Orthoptic treatment made signifi cant difference in visual outcome.       
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