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ABSTRACT 

Fovea centralis is a depression located in the back of the primate retina. This 

region is crucial for sharp central vision. Age Related Macular Degeneration (AMD) is a 

debilitating disease that affects several million people in the world. In this disease, the 

retina and RPE surrounding the fovea undergoes degeneration, thereby compromising 

visual acuity. The fovea contains significant amounts of three carotenoids – lutein, 

zeaxanthin, and meso-zeaxanthin. Carotenoids are plant-derived pigment molecules. 

Vertebrates are unable to synthesize these compounds de novo, and have to obtain these 

through the diet. Carotenoids protect the foveal region from oxidative stress, light 

damage, and improves vision. Carotenoid supplementation is shown to alter the course of 

AMD. 

Hundreds of carotenoids are present in nature, and the regular human diet consumes 

about 50 of these. Among these, only 15 are absorbed by the gut and present in the serum. 

However, only lutein, zeaxanthin, and meso-zeaxanthin are present in the retina. Retinal 

concentrations of these carotenoids are 5000 times greater than observed levels in the 

serum, suggesting a very specific transport mechanism into the retina. There are gaps in 

our knowledge of the mechanisms involved in carotenoid transport into the eye.  

meso-Zeaxanthin is a retina-specific carotenoid that is rarely encountered in nature. 

No dietary sources of meso-zeaxanthin are identified. At the foveal pit, there are equal 

amounts of lutein, zeaxanthin, and meso-zeaxanthin. However, meso-zeaxanthin is absent 

in the peripheral retina. The mechanism by which meso-zeaxanthin is produced in the eye 
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and the physiological significance of its presence is not understood. 

This dissertation has determined the biochemical mechanisms that underlie 

carotenoid production and uptake into the fovea. 



To my wonderful husband, Shyam Gopinath.
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1.1 Basic Science of the Macular Carotenoids 

Carotenoids are plant-derived pigment molecules that vertebrates cannot 

synthesize de novo. These molecules are responsible for bright colors in animals and 

plants. They are precursors to vitamin A and are necessary for retinoic acid signaling. 

Carotenoids also function as potent anti-oxidant molecules that are capable of blue light 

filtration, and these qualities of carotenoids enable them to prevent the progression of 

diseases such as age-related macular degeneration (AMD).  

1.1.1 Carotenoid chemistry and stereo chemistry 

Carotenoids can be broadly classified based on their hydrophobicity (Britton, 

1995). Carotenes are hydrophobic with little to no solubility in water, whereas 

xanthophylls are moderately soluble in water because of the presence of one or more 

hydroxyl or carbonyl groups. Due to their limited polarity, carotenoids are often 

associated with the cell membrane or bound to proteins. Presence of conjugated double 

bonds in their hydrocarbon chain is responsible for the antioxidant properties of these 

molecules (Bernstein et al., 2016; Britton, 1995). The efficacy of quenching singlet 

oxygen depends on the number of conjugated double bonds (Bernstein et al., 2016; 

Woodall et al., 1997). For example – zeaxanthin is considered to be a better antioxidant 

than lutein because it has 11 conjugated double bonds, while lutein has 10. Some 

carotenoids when subject to cleavage can give rise to retinol (vitamin A). The most 

common carotenoids that can produce vitamin A are β-carotene, α-carotene, and β-

cryptoxanthin. However, none of these carotenoids are found in significant amounts in 

the retina. Among the 700 carotenoids that are present in nature, only 15-30 carotenoids 

enter the blood. Two carotenoids, lutein and zeaxanthin and the metabolite of lutein, 
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meso-zeaxanthin, are present in the fovea. Collectively they are referred to as the macular 

pigment (Bone et al., 1993).  

Macular carotenoids are characterized by the presence of hydroxyl groups at the 3 

and 3’ end of the ionone rings. As shown in Figure 1.1, the hydroxyl group of lutein 

positioned at C-3’ is configured exactly opposite of that of zeaxanthin, while the C-3 and 

C-3′ hydroxyl groups in meso-zeaxanthin are positioned identically to lutein. The double-

bond in lutein at the 4′, 5′ position is shifted to the 5′, 6′ position in zeaxanthin and meso-

zeaxanthin (Figure 1.1). Similar conformations of meso-zeaxanthin and lutein suggests 

that lutein rather than zeaxanthin is the immediate precursor to meso-zeaxanthin because 

steric inversions at chiral centers are rare in nature (Bernstein et al., 2016; Bone et al., 

1993). In fact, a simple shift of one double bond will produce meso-zeaxanthin from 

dietary lutein. Furthermore, production of meso-zeaxanthin supplements in industrial 

setting is carried out using lutein as the precursor in the presence of strong base at high 

temperature (Bernstein et al., 2016). meso-Zeaxanthin is an eye-specific carotenoid that is 

not in the human plasma and liver but is present in human macula, retina, and 

RPE/choroid (Khachik et al., 2002). Primates maintained on a xanthophyll-free diet but 

then given lutein supplements showed the presence of meso-zeaxanthin in their retina; the 

control animals that were provided no xanthophylls and the animals supplemented with 

zeaxanthin alone did not have meso-zeaxanthin in their retina (Johnson et al., 2005). In 

another study, Bhosale and coworkers fed deuterated lutein or zeaxanthin to female 

quails and reported the presence of labelled meso-zeaxanthin only in the retinas of birds 

fed with deuterated lutein (Bhosale et al., 2007). Both of the studies described above 

indicate that lutein is the major precursor of meso-zeaxanthin in the retina. 
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1.1.2 Foveal anatomy and macular carotenoids 

The fovea centralis is a depression located in the middle of the macula of the 

primate retina. The ophthalmoscope invented by Hermann von Helmholtz in 1851 led to 

the discovery of the foveal pit in live humans (Nussbaum et al., 1981). Later studies 

showed that this region is responsible for the sharp central vision required for daily 

activities such as reading, driving, and recognizing faces. The central region of the human 

macula is free of rod receptors and is composed of tightly packed foveal cone cells. 

Unlike the rest of the macula, the foveal region lacks several retinal layers such as the 

inner nuclear layer, the inner plexiform layer, and the ganglion cell layer. Also, the basal 

lamina, the internal limiting membrane that separates the vitreous from the retina, is 

absent at the fovea. There is, however, a higher concentration of Müller glial cells in this 

area. The lack of cell layers, the tight organization of cone cells, and the absence of basal 

lamina are all thought to be adaptations to facilitate the passage of light (Yamada, 1969). 

Retina from non-human primates is considered an excellent non-human experimental 

alternative for high-resolution histological studies because it is often easier to obtain 

high-quality freshly fixed tissue. Monkey and human fovea share similarities; the center 

is free of rods and consist only of cones (Yamada, 1969).  

The presence of yellow coloration in the foveal region resulted in the anatomical 

term macula lutea or yellow spot (Nussbaum et al., 1981). This color was later 

determined as a result of the fovea’s high content of xanthophyll carotenoids. The 

carotenoids present in the macula lutea are lutein, zeaxanthin, and meso-zeaxanthin 

(Bone et al., 1993, 1997; Wald, 1948). Carotenoid concentrations were determined to 

range from 0.05 ng/mm2 in the peripheral retina to 13 ng/mm2 at the fovea (Bone et al., 
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1993). Studies from our laboratory have identified various metabolites of lutein and 

zeaxanthin such as meso-zeaxanthin, 3′-epilutein, and 3-hydroxy β,ε-caroten-3′-one in the 

human retina, lens, and uveal tract (Bernstein et al., 2001). Trace amounts of carotenoid 

pigments were identified in the cornea and sclera, and the vitreous was completely free of 

carotenoids (Bernstein et al., 2001). The carotenoids are highly concentrated near the 

fovea, and their concentration decreases nearly 100-fold with increasing eccentricity 

(Snodderly et al., 1984). There is twice as much zeaxanthin and meso-zeaxanthin than 

lutein near the fovea; however, this relationship is reversed in the peripheral retina where 

zeaxanthin and meso-zeaxanthin levels are half as much as those of lutein (Bone et al., 

1993, 1997). Foveal carotenoids are mainly present in the receptor axons as well as the 

Henle fiber layer (Bone and Landrum, 1984; Snodderly et al., 1984). In the central retina, 

equal concentrations of lutein, zeaxanthin, and meso-zeaxanthin are present; however, the 

ratio of meso-zeaxanthin to zeaxanthin decreases with the increased eccentricity to the 

fovea (Bone et al., 1993). Studies from our laboratory have identified and localized the 

carotenoid-binding proteins, glutathione S-transferase P1 (GSTP1) and steroidogenic 

acute regulatory domain protein 3 (StARD3), in the photoreceptors of the foveal region 

and Henle fiber layer (Bhosale et al., 2004; Li et al., 2011). These proteins facilitate the 

specific distribution and stability of carotenoids in the foveal region. 

1.1.3 Functional properties 

Carotenoids are excellent quenchers of singlet oxygen that react at the limits of 

diffusion without being consumed in the process (Foote et al., 1970). Reactive oxygen 

species (ROS) are either radicals such as hydroxyl radical or peroxyl radical, or they are 

reactive nonradical compounds such as singlet oxygen, peroxynitrite, or hydrogen 
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peroxide (Stahl and Sies, 2002). Singlet-state molecules rapidly form, and these 

molecules can then react with oxygen to produce ROS. These, in turn, can cause lipid 

peroxidation by attacking polyunsaturated fatty acids, resulting in DNA damage and 

protein and transmembrane glycoprotein oxidation (Winkler et al., 1999). Hydroxyl 

radical is the most reactive species (Woodall et al., 1997b) and, as a result, it immediately 

reacts with surrounding target molecules near its site of generation. Free radicals 

produced in the eye and other tissues are quenched by macular carotenoids, and in doing 

so, they can harmlessly release the energy as heat without undergoing any degradation 

(Krinsky, 1989). 

The outer retina, especially membranes of the outer segments of the 

photoreceptors, has high concentrations of polyunsaturated fatty acids that are susceptible 

to photo-oxidation. Therefore, the risk of ROS production in the retina is higher than that 

of other tissues (Cai et al., 2000; Conn et al., 1991; Winkler et al., 1999). ROS are 

produced by absorption of UV and blue light by a photosensitizing compound or 

molecule (e.g., lipofuscin, protoporphyrin, or cytochrome).  

Similar to their roles in plants, lutein, zeaxanthin, and meso-zeaxanthin act as 

protective antioxidants in the eye. These carotenoids undergo oxidation and a series of 

transformations to protect the macula (Khachik et al., 2002). Metabolites such as 3-

hydroxy-β,ε-caroten-3′-one are produced as a result of direct oxidation of lutein in 

monkey retinas (Khachik et al., 1997a) and in human eye (Bernstein et al., 2001). 

Another compound, 3- methoxyzeaxanthin, identified in the macula of donor eyes was 

present only in older donors, indicating that methylation of carotenoids may occur in 

increased rates with age (Bhosale et al., 2007c).  
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Macular carotenoids are also capable of protecting the eye tissues from oxidative 

stress-induced damage. As an individual ages, the accumulation of lipofuscin, a 

fluorescent mixture consisting of lipid-protein complexes, in the RPE increases. 

(Bernstein et al., 2001; Bhosale et al., 2009; Boulton et al., 1990). Components of 

lipofuscin can damage the RPE, are toxic to mitochondria, and induce apoptosis of 

cultured RPE cells when exposed to blue light (Sparrow and Cai, 2001; Suter et al., 

2000). When RPE cells are treated with lutein, this phototoxic effect is greatly decreased 

(Bian et al., 2012; Shaban and Richter, 2002). The presence of lutein and zeaxanthin has 

further been shown to reduce the amount of lipofuscin formed in cultured RPE cells and 

in vivo (Bhosale et al., 2009; Sundelin and Nilsson, 2001; Winkler et al., 1999). 

1.1.4 Dietary sources 

Carotenoids cannot be synthesized in vivo by vertebrates and invertebrates, and 

they therefore must be obtained from dietary consumption. Consumption of lutein- and 

zeaxanthin-rich green leafy vegetables and orange and yellow fruits and vegetables is 

beneficial to health and is associated with lower rates of various diseases such as  cancer, 

cardiovascular disease, AMD, and cataract formation (Beatty et al., 1999; Krinsky et al., 

2003; Landrum and Bone, 2001; Trumbo and Ellwood, 2006). Green leafy vegetables 

(kale, spinach, and broccoli) are abundant in lutein (Holden, 1999), while corn products 

are good sources of zeaxanthin (Perry et al., 2009). The carotenoid compositions of foods 

differ based on several factors such as species, cultivation, part of the plant, degree of 

maturity at harvest, and postharvest handling practices (Kimura and Rodriguez-Amaya, 

1999; Rodriguez-Amaya, 2003). Therefore, selection and processing of samples under 

optimal conditions are important to retain most of carotenoids. The differences in lutein 



8 

and zeaxanthin levels among vegetables are often attributed to species variations 

(Azevedo-Meleiro and Rodriguez-Amaya, 2007; Ismail and Cheah, 2003; Rodriguez-

Amaya, 2003).  

Several dietary factors affect the bioavailability of carotenoids from vegetables 

and fruits (van Het Hof et al., 2000). Since carotenoids are hydrophobic, consumption of 

carotenoid-rich foods in the presence of oils or cholesterol may increase their uptake 

(Brown et al., 2004). In addition to vegetables, which are less bio-available, egg yolk 

(Goodrow et al., 2006; Kelly et al., 2014; Krinsky and Johnson, 2005) and fortified milk 

(Granado-Lorencio et al., 2010) are also good dietary and bioavailable sources of lutein 

and zeaxanthin. As expected, dietary intake of carotenoids differs widely between 

individuals, and epidemiological studies have outlined that among many different 

ethnicities and age-groups, lutein consumption is higher than that of zeaxanthin (Johnson 

et al., 2010). 

meso-Zeaxanthin is an eye-specific carotenoid that is rarely found in the human 

diet. Outside of the vertebrate eye, this carotenoid has been detected in shrimp carapace, 

fish skin, and turtle fat (Maoka et al., 1986). A recent study has confirmed its presence in 

fish skin using more modern methods (Nolan et al., 2014; Thurnham et al., 2015). A 

significant amount of meso-zeaxanthin has been detected in commercially produced 

chicken eggs in Mexico where it is commonly added to the feed to achieve desirable  

coloration (Wang et al., 2007). 
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1.2 Uptake, Transport, and Metabolism of Carotenoids 

1.2.1 Transport proteins 

Due to the absence of carotenoid synthesis enzymes in the body, humans rely on 

carotenoid intake through diet. Most dietary carotenoids are consumed and embedded 

within a food matrix. Once they reach the gut, carotenoids are released from their matrix. 

The free carotenoids are then incorporated into micelles before their uptake by the 

intestinal mucosal cells. In the intestine, the carotenoids are subject to cleavage by BCO1 

and/or BCO2 to give rise to vitamin A and other metabolites (Erdman et al., 1993). From 

the intestine, carotenoids and their metabolites are secreted into the lymphatic and portal 

circulations for transport to the liver. Here, xanthophyll carotenoids such as lutein and 

zeaxanthin are taken up by their transporters to be carried to the retina and other tissues 

via the circulatory system. In the human serum, water-soluble lipoproteins are 

responsible for carrying carotenoids, retinoids, vitamin E, and plasma lipids (Rigotti et 

al., 2003). Lipoproteins consist of an outer shell of polar proteins and phospholipids, and 

an inner core of neutral lipids. They are divided into six different groups: chylomicrons, 

chylomicron remnants, very low-density lipoproteins (VLDL), low-density lipoproteins 

(LDL), intermediate-density lipoproteins, and high-density lipoproteins (HDL) (Mahley 

et al., 1984). The smallest and densest of all plasma lipoproteins is HDL. This molecule 

plays a crucial role in cholesterol metabolism, especially in reverse cholesterol transport 

(Trigatti et al., 2000). Lutein and zeaxanthin are primarily associated with HDL in the 

blood stream, although the components of HDL that are responsible for binding 

carotenoids are not understood.  In addition, studies in chickens have identified that lutein 

delivery into the retina is mediated by HDL (Connor et al., 2007). 
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A cell surface glycoprotein, scavenger receptor class B member 1 (SR-B1), binds 

HDL (Acton et al., 1996; Pagler et al., 2006). SR-BI is a member of the CD36 

superfamily (Oquendo et al., 1989). Recent studies have identified that SR-B1 is involved 

in the uptake and transport of carotenoids into the human and fly retina. A study revealed 

that macular carotenoids are taken up by fully differentiated ARPE19 cells, an RPE cell 

line, in an SR-B1-dependent manner (During et al., 2008). In Drosophila, NinaD mutant 

flies lack scavenger receptor class B protein. As a result, these flies are incapable of 

transporting carotenoids into their retina, thereby rendering them blind (Kiefer et al., 

2002).  

CD36, a scavenger receptor family member of SR-BI, was shown to be well 

expressed in the primate neural retina (Tserentsoodol et al., 2006). In addition, Cameo2, a 

CD36 homolog in silkworms, is necessary for lutein uptake into the silk gland (Sakudoh 

et al., 2010). Recent studies have shown that genetic variants of CD36 are associated with 

serum lutein levels and macular pigment optical density (MPOD) in AMD patients (Borel 

et al., 2011), suggesting that CD36 is likely to be involved in the macular pigment (MP) 

uptake process. The role of third scavenger receptor family member, SR-B2, in 

carotenoid transport has been unexplored thus far.  

1.2.2 Binding proteins 

Specific accumulation of lutein, zeaxanthin, and meso-zeaxanthin in the outer 

plexiform layers of the human fovea is not very well understood. Studies from our 

laboratory identified glutathione S transferase P1 (GSTP1) as the zeaxanthin-binding 

protein from the total membrane proteins of the human macula (Bhosale et al., 2004). 

Immunohistochemistry analyses revealed that GSTP1 in the human and monkey retina 
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was abundant in the outer and inner plexiform layers of the fovea and in the 

photoreceptor inner segment ellipsoid region. Recombinant human GSTP1 bound 

macular zeaxanthins with high affinity as opposed to only low-affinity interactions with 

lutein. In addition, closely related proteins to GSTP1, GSTM1 and GSTA1, showed no 

preferential binding affinities for lutein or zeaxanthin, further confirming the specific 

nature of interactions between GSTP1 and the macular zeaxanthins.  

Studies from our laboratory identified steroidogenic acute regulatory domain 

protein 3 (StARD3) as the lutein-binding protein (Li et al., 2011). Western blots of 

human macula demonstrated abundance of StARD3 here. Immunohistochemistry 

analysis of StARD3 revealed specific localization of this protein to all neurons of 

monkey macular retina and is especially present in foveal cone inner segments and axons. 

Surface plasmon resonance (SPR) of recombinant StARD3 showed high affinity 

interaction with lutein. Thus, macula-enriched proteins such as StARD3 and GSTP1 can 

account for specific localization of carotenoids in this region of the eye. 

1.2.3 Cleavage proteins 

There are two well-characterized carotenoid cleavage enzymes in vertebrates; 

BCO1 and BCO2. These proteins are present in human retina as well as RPE (Bhatti et 

al., 2003; Li et al., 2014; Lindqvist and Andersson, 2004; Lindqvist et al., 2005). 

Carotenoids are cleaved symmetrically by BCO1 at the 15-15′ carbon-carbon double 

bond. This is an essential step for generation of vitamin A, and such cleavage requires its 

substrates to have at least one nonsubstituted beta-ionone ring (dela Sena et al., 2013; 

Lindqvist and Andersson, 2002). Given the presence of hydroxyl groups at the ionone 

rings of both lutein and zeaxanthin, these carotenoids cannot be cleaved by BCO1. 
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BCO2, on the other hand, catalyzes eccentric cleavage of carotenes at 9′, 10′ carbon-

carbon double-bonds, generating 10′-apo-β-carotenal (C27), β-ionone (C13), and C9 

dialdehyde as three possible cleavage products (Krinsky et al., 1993; von Lintig et al., 

2005). Studies from our laboratory have shown that, unlike ferret and mouse BCO2 that 

can cleave xanthophylls such as lutein and zeaxanthin (Mein et al., 2011), human BCO2 

is a relatively inactive cleavage enzyme. This finding is considered to be the result of an 

unusual –GKAA- amino acid insertion near the substrate binding tunnel that appears to 

be unique to primates and whose insertion into the mouse enzyme leads to its inactivation 

(Li et al., 2014). Inactivity of retinal BCO2 can further explain the reason for the unique 

accumulation of lutein and zeaxanthin in primate retinas. 

1.3 Overview of Chapters 2-4 

Tserentsoodol et al. have shown that SRBs are present in the retina and RPE of 

primates (Tserentsoodol et al., 2006), but their immunohistochemistry (IHC) data do not 

support their Western blot data. For instance, in their IHC, SR-B1 is expressed in the 

primate retinal and RPE layers, but their western blot shows the expression of SR-B1 

protein only in primate retina, not in the RPE.  Similar inconsistencies were observed in 

the expression patterns of SR-B2 and CD36. Using ARPE19 cells, a human RPE cell 

line, previous work has identified the roles of SR-B1 and CD36 in carotenoid transport 

(During et al., 2008; Thomas and Harrison, 2016), but the third member of the SRB 

family, SR-B2 and its role in carotenoid transport have not been explored. In the second 

chapter of this dissertation, I have identified the expression profile of SRBs in the primate 

eye as well as determined their differential ability to transport macular xanthophylls 

(Figure 1.2). 
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Abundant food sources contain lutein and zeaxanthin, but meso-zeaxanthin is 

rarely encountered in nature. There are no common dietary sources for this carotenoid 

(Bernstein et al., 2016). Apart from the retina and RPE, meso-zeaxanthin is not present 

elsewhere in the primate body. At the foveal center, the lutein:zeaxanthin:meso-

zeaxanthin ratio is 1:1:1 (Snodderly et al., 1984). A few millimeters away, the 

concentration of meso-zeaxanthin drops dramatically, and the level of meso-zeaxanthin 

becomes nearly undetectable in the peripheral retina. Given its specific accumulation in 

the foveal pit, and its lack of presence in common dietary sources, it is hypothesized that 

meso-zeaxanthin may be produced as a result of chemical reaction in the retina and/or the 

retinal pigment epithelium (RPE) (Bernstein et al., 2016). Feeding studies in monkeys 

indicate that meso-zeaxanthin is present in the retinas of animals that were fed lutein 

supplements but not zeaxanthin supplements (Johnson et al., 2005), and supplementation 

experiments in quails conducted using deuterium-labelled lutein or zeaxanthin showed 

the presence of labelled meso-zeaxanthin in the eyes of birds that were fed with labelled 

lutein, not zeaxanthin (Bhosale et al., 2007). These studies indicate that lutein may be the 

precursor to meso-zeaxanthin in vertebrates. When subject to high temperature in the 

presence of a strong base, lutein readily converts to meso-zeaxanthin. However, this 

reaction has never been observed in-vitro under physiological conditions. Since lutein, 

zeaxanthin, and meso-zeaxanthin are structural isomers (Figure 1.1), it is hypothesized 

that an isomerase enzyme may be responsible for the conversion of lutein to meso-

zeaxanthin. In the third and fourth chapters, I have determined the biochemical 

mechanisms that underlie meso-zeaxanthin production (Figure 1.3).  
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Figure 1.1: Structures of the macular xanthophylls. Lutein, zeaxanthin, and meso-
zeaxanthin are the three carotenoids present in the primate macula. They are structural 
isomers with the same molecular formula C40H56O2 
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Figure 1.2: Schematic model outlining the major findings in Chapter 2. 
Hypothesized transport pathway of carotenoids – Lipoprotein laden carotenoids enter the 
RPE from the choroidal circulation. SRB proteins (SR-B1, SR-B2 and CD36) present in 
the RPE and in the retina layers facilitate the movement of carotenoids into the different 
regions. In the present study, we determined that all three SRBs are capable of 
transporting macular carotenoids but not β-carotene. In addition, we identified that, while 
all three SRB proteins are expressed in the RPE, only SR-B1 is present in the outer 
nuclear layer of the retina. SR-B2 was the only SRB expressed in the outer nuclear layer 
of the retina. Transport proteins such as IRBP carry the carotenoids from the RPE to the 
retinal layers (Vachali et al., 2013). Carotenoids are retained in the retina and RPE by 
means of binding proteins such as GSTP1 and StARD3 (Bhosale et al., 2004; Li et al., 
2011). 
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Figure 1.3: Schematic model outlining the major findings in Chapters 3 and 4. In 
Chapter 3, we discovered the presence of meso-zeaxanthin in a developmentally 
regulated manner in chicken embryonic RPE. In Chapter 4, we identified lutein to be the 
precursor of meso-zeaxanthin in chicken RPE. Furthermore, we discovered that RPE65 is 
the lutein to meso-zeaxanthin isomerase in vertebrates. The newly formed meso-
zeaxanthin can be transported to the retinal layers by transporters such as IRBP (Vachali 
et al., 2013). 
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Three isomeric carotenoids, lutein, zeaxanthin, and meso-zeaxanthin, are 

selectively accumulated within the retina in the macula region. Even though the 

concentration of these carotenoids in a normal diet ranges from 4:1:0 to 7:1:0, their levels 

at the macula are 1:1:1 (Bone et al., 1997). This suggests a selective transport of these 

carotenoids from the diet and retention into the macula. Even though studies have 

established the mechanism of carotenoid transport and retention into the primate retina 

(During et al., 2002, 2005; Voolstra et al., 2006), this process required further analysis. In 

the second chapter of this dissertation, we have expanded the understanding of the 

transport mechanism by which carotenoids reach the primate retina.  

Carotenoid transport from the diet to various parts of the body has been well 

studied. Harrison and colleagues identified SRB family member, SCARB1, to be 

responsible for the intestinal uptake of carotenoids from the diet (During et al., 2002). 

Few studies have outlined the function of SRBs as carotenoid transporters into the retina 

(During et al., 2005; Thomas and Harrison, 2016). However, their transcript as well as 

protein expression profile in the macula, sub-macular regions, and peripheral regions of 

the eye were not known. In addition, the relative binding affinities of SRBs to lutein, 

zeaxanthin, and meso-zeaxanthin were also not studied. In the second chapter, we show 

that there are differences in the expression of SRBs within the eye (Shyam et al., 2017a). 

In addition, we show that SCARB2 undergoes posttranslational modifications in the RPE 

that may affect its function in this tissue. In addition, our study also shows that CD36 

undergoes posttranscriptional modifications to limit its expression to the RPE layer. The 

nature of these modifications as well as their effects on the functions of these proteins 

need further evaluation. In our study, we identified that the amount of zeaxanthins taken 
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up by SRB over-expressing cells is significantly higher than that of lutein. This is 

interesting, especially since lutein and zeaxanthins are isomers. Such a difference in 

uptake implies that the SRBs may employ mechanisms for selective uptake of zeaxanthin 

and meso-zeaaxanthin over lutein. The domains of SRBs responsible for distinguishing 

carotenoid isomers can be identified in future studies. In addition, the physiological 

implications of selective uptake of zeaxanthins over lutein can also be determined in 

these analyses.   

We focused on over-expressing scavenger receptors one at a time in a system that 

is free of their endogenous expression. Therefore, our studies did not investigate synergy 

between these receptors in carotenoid transport. Since all three SRBs are expressed in the 

primate RPE, and we hypothesize that the lipoprotein laden carotenoids enter the retina 

through the choroidal circulation via RPE, it will be useful to understand any crosstalk 

between the carotenoid receptors. A mixture of carotenoids in circulation is presented to 

these receptors, therefore the effects of a mixture of carotenoids on the transport 

mechanism also need further enquiry.  

Of the three macular carotenoids, meso-zeaxanthin has no common dietary 

sources.  However, this carotenoid is present at high concentration at the macula. Several 

studies in vertebrate models have shown that lutein undergoes metabolic transformations 

to produce meso-zeaxanthin. However, the biochemical mechanism behind this reaction 

was unknown. In the third and fourth chapter of this dissertation, we have identified the 

enzyme behind the conversion of lutein to meso-zeaxanthin. In the third chapter of this 

dissertation, we have determined that meso-zeaxanthin is produced in a developmentally 

regulated manner in the RPE in chicken embryos (Gorusupudi et al., 2016). With this 



49 
 

understanding, in the fourth chapter, we have elucidated the mechanism by which this 

process takes place in the chicken embryos (Shyam et al., 2017b). Here we have 

determined that RPE65, an RPE specific enzyme that is crucial for visual function, is 

responsible for the conversion of lutein to meso-zeaxanthin. 

Identification of RPE65 as the meso-zeaxanthin isomerase in vertebrates has 

many implications. RPE65 is a well-studied enzyme which is responsible for the 

conversion of all-trans retinyl esters to 11-cis retinol (Jin et al., 2005; Moiseyev et al., 

2005). Even though the substrates of RPE65, retinoids, are structurally similar to 

carotenoids, our report is the first to identify its interaction with carotenoids. Mutational 

analyses will reveal the nature of RPE65 residues that are responsible for the production 

of meso-zeaxanthin. Function of RPE65 independent of LRAT, the acyl transferase 

enzyme, was previously unknown. In our study, we show that lutein to meso-zeaxanthin 

isomerization is independent of LRAT activity. Whether the presence of LRAT would 

enhance the rate of conversion is yet to be explored.  

Several supplement sources of meso-zeaxanthin are readily available; however, it 

is not known whether it is beneficial to bypass the ocular enzymatic metabolic pathway to 

supply it in a supplement form. The physiological implications of circumventing the slow 

conversion rate by providing supplements are also worth studying. Through the 

consumption of meso-zeaxanthin supplements, the subjects are introducing other regions 

in their body to this macula-specific carotenoid, which can have effects on their normal 

physiology. In addition, whether or not supplemented meso-zeaxanthin affect macular 

pigment levels also needs further exploration.  A variety of health benefits are imparted 

to macular carotenoids. Their antioxidant as well as blue light filtering properties are   
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considered to be main reasons for their protective nature against AMD (Chew et al., 

2014). Recent studies have also shown that in addition to their optical properties, macular 

pigment can affect the normal functions of neurons. Studies outline that carotenoids are 

capable of improving neuronal processing, neuronal communication through cell to cell 

channels, moderate the dynamic instability of microtubules (structural units of neurons), 

and protect against degradation of synaptic vesicle proteins (Bernstein et al., 2016). 

These studies show that in addition to their function in ameliorating the progression of 

AMD, carotenoids are important for the visual performance of normal subjects.   

In this dissertation, I have outlined the elusive molecular mechanism behind the 

transformation of lutein into meso-zeaxanthin. In addition, I have expanded the 

understanding of the transport process by which carotenoids are deposited into the 

primate retina. This work can help future efforts in understanding the molecular 

mechanisms behind carotenoid metabolism in vertebrates.   
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