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Abstract

The plasma membrane together with the cytoskeleton forms the only supramolecular structure of 

the matured fiber cell which accounts for mostly all fiber cell lipids. The purpose of this review is 

to inform researchers about the importance of the lipid bilayer portion of the lens fiber cell plasma 

membranes in the maintaining lens homeostasis, and thus protecting against cataract development.
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Introduction

The human eye lens is an avascular organ built from thousands of concentric layers of fiber 

cells [1]. Fiber cells lose their intracellular organelles soon after they are formed [2–4], and 

plasma membranes become essentially the only membranous structures of matured fiber 

cells which account for most all lens lipids. The plasma membrane, together with 

cytoskeleton, forms the only supramolecular structure of the maturated fiber cell. This 

review is focused on the organization and properties of the lipid bilayer portion of the fiber 

cell membrane which determines bulk membrane properties [5, 6] and also may affect the 

functions of membrane proteins immersed into its bilayer [7–10]. The significant functions 

this lipid bilayer play in maintaining homeostasis of the fiber-cell plasma membrane, the 

fiber cell itself, and the whole lens, and thus in the maintaining lens transparency, will be 

discussed.
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1. One of the consequences of the unique growth pattern of the lens is that in the 

matured fiber cells there is no protein turnover. Also proteins cannot be 

transported from the central (old) part of the lens to the more recently 

synthesized cortical area of the lens and vice versa [11]. Thus, fiber-cell plasma 

membranes in the lens nucleus of an old human lens contain integral membrane 

proteins (mainly aquaporins and connexins) that were synthesized during 

embriogenesis. These proteins should perform the same functions in old lenses 

that they performed just after synthesis. The lack of protein turnover is seemingly 

in conflict with the drastic changes in the fiber-cell membrane phospholipid (PL) 

composition that occurs during aging [12–15]. Such changes in membrane lipid 

compostion would be expected to alter functions of membrane integral proteins 

[8–10]. This is especially significant for human lenses because among 

mammalian lenses those from humans are of the longest life span and changes in 

lens PL composition with age are most pronounced [16]. All of these changes 

occur in the normal lens without compromising too much lens transparency. Data 

indicates showing that the saturating cholesterol (Chol) content in these 

membranes (and the presence of pure cholesterol bilayer domains (CBDs)) help 

to maintain the fiber-cell membrane homeostasis during age-related changes of 

the PL composition without altering functions of integral proteins [6].

2. The lens is avascular, and nutrients, including water, ions, and other small polar 

and ionic molecules, must come to the lens interior through the diffusion process. 

To reach the lens center nutrients must pass thousands of fiber cell membranes. 

In the human lens, transport of these molecules between fiber cells is tightly 

controlled by transmembrane proteins, mainly aquaporin-0 (AQP0) and 

connexins (Cx46 and Cx50) [4, 9, 17]. To ensure this tight control, the lipid 

bilayer portion of the membrane has to form a considerably high hydrophobic 

barrier to protect against uncontrolled leakage of small polar molecules. The 

lipid bilayer portion of human fiber cell membranes serves this purpose well 

forming a highly hydrophobic barrier in both cortical and nuclear membranes 

from both young and old donors [18]. The changes in the lipid composition that 

take place during the aging do not affect the membrane proteins’ tight control of 

the transport of polar molecules from fiber cell to fiber cell, helping to maintain 

the fiber cell and lens homeostasis.

3. It is widely postulated that cataract formation results from any type of the 

oxidative stress that promotes the aggregation of cytosolic proteins such as 

crystallins, perturbing the structure of lens fiber-cell membranes, and disrupting 

the function of intrinsic membrane proteins [19–21]. Oxidation is a key feature 

of cataract formation [14, 22–24]. The principal mechanism that was 

“developed” during evolution to protect the lens against any type of oxidative 

damage is the maintenance of a very low oxygen partial pressure within the lens 

through the entire human life [25–29]. The lipid bilayer portion of lens 

membranes, with its unique lipid composition and structure, forms significant 

barriers to oxygen transport into the lens interior, helping to maintain low oxygen 

partial pressure inside the lens and protecting against cataract formation.
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Lens fiber-cell membrane homeostasis

The age related changes in the plasma membranes of human eye lens fiber-cells are much 

greater than age related changes in membranes of other organs and tissues. PL composition 

changes drastically with age [12, 13, 15, 30], with the increase of sphingolipid content and 

depletion of phosphatidylcholine [15, 31–33]. The saturation levels of PL acyl chains also 

increase with age [15, 32, 34]. These changes are also reflected in the differences in the PL 

composition between lens cortex and lens nucleus [35, 36]. Most characteristic is the 

increase of Chol content with age, up to the Chol/PL molar ratio of 4 [34, 37–39]. Fiber-cell 

membranes are overloaded with cholesterol, which not only saturates the PL bilayer but also 

leads to the formation of pure CBDs within these membranes [40, 41]. For the elderly 

population, the cholesterol content is often high enough to induce formation of cholesterol 

crystals, presumably outside the fiber cell membranes [42, 43]. Such great variation with age 

in PL composition and Chol content suggests difficulties in the maintaining fiber-cell 

membrane homeostasis, which is required for lens transparency.

The need for high Chol content in the eye lens is suggested by the observations that inherited 

defects in Chol metabolism enzymes and the use of cholesterol-biosynthesis-inhibiting drugs 

contribute to cataract formation in animals and humans [44–48]. These observations were 

confirmed by retrospective cohort studies comparing the risk of development of cataracts 

between statin users and non-users which showed that the risk of cataract development was 

increased among statin users [49–52]. These studies clearly indicate that Chol plays an 

important physiological role in the eye lens. However, it is not clear why the Chol content 

becomes so high, or whether the appearance of CBDs, and/or Chol crystals is harmful or 

beneficial for lens function (transparency) [40, 42, 53, 54].

Investigations of membranes with the lipid compositions resembling those of eye lenses of 

different species [36, 55, 56], as well as lens lipid membranes formed from lipids extracted 

from eyes of different species, donors of different age, and different regions of the eye lens 

[36, 55–58] surprisingly revealed that profiles of the bulk membrane properties across all 

these membranes were practically identical. Profiles of bulk membrane properties, measured 

only across the phospholipid-cholesterol domain (PCD in Fig. 1), included the order 

parameter, fluidity, hydrophobicity, and the oxygen transport parameter (oxygen diffusion-

concentration product). It needs to be pointed out that the phospholipid composition of these 

membranes differs significantly; however, the amount of Chol was always high enough to 

saturate the PL bilayer, or even over-saturate it, allowing formation of the CBD or even Chol 

crystals. This is schematically illustrated in Fig. 1. All profiles for membranes with a 

saturating amount of cholesterol differ drastically from profiles across membranes without 

cholesterol (see for example references [59, 60]). All these data have led to the conclusion 

that the extremely high (saturating) content of cholesterol in the fiber-cell membrane keeps 
the bulk physical properties of the lipid-bilayer portion of the membrane consistent and 
independent of changes in the phospholipid composition.

When the CBDs are formed, the bulk membrane properties of the PL-Chol bilayer 

surrounding the CBD (PCD in Fig. 1C and D) are identical to those across these PL bilayers 

when the CBD is not yet observed but the PL bilayer is already saturated with Chol (PL-
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Chol bilayer in Fig 1B). These observations suggest that the CBD has some function specific 

to the fiber-cell plasma membrane. The CBD provides buffering capacity for cholesterol 
concentration in the surrounding phospholipid bilayer (PCD), keeping it at a constant 
saturating level and thus keeping the physical properties of the membrane consistent and 
independent of changes in phospholipid composition. These conclusions are especially 

significant for human lenses because among mammalian lenses those from humans are of 

the longest life span and changes in lens PL composition with age are most pronounced [16].

PLs surrounding the CBD cannot affect the properties of its interior because it is a pure 

cholesterol bilayer [61, 62]. However, the phospholipid composition of the membrane can 
determine the cholesterol concentration at which the CBD is formed. Thus, the delicate 
balance between changes in the lens-membrane phospholipid composition and changes in 
the cholesterol content forms a new and uninvestigated mechanism through which 
cholesterol-dependent processes in the eye lens membrane could be regulated (see [6] for 

more discussion).

Human lens fiber cells undergo minimal cell turnover. The lens does not regenerate, and 

cells in the center of the nucleus of an adult human lens are as old as the individual. 

Membrane proteins that perform several functions in young human lenses perform the same 

functions in older lenses with altered phospholipid compositions. Thus, the saturating Chol 
content and the CBD play a crucial role in maintaining homeostasis of the lens membrane by 
providing stability and consistency of physical properties of lipid bilayer surrounding 
membrane integral proteins, independent of changes in phospholipid composition.

For the elderly human population, the Chol content is often high enough to induce formation 

of Chol crystals, presumably outside the fiber cell membranes [42, 43]. Most likely CBDs 

form the precursors to Chol crystals [63]. Are these crystals harmful for the lens? In other 

tissues such as arteries minute Chol crystals found in cells can initiate and promote 

atherosclerosis by activating inflammasomes [64] and inflamation. This observation suggests 

that the formation of Chol crystals is an early cause, rather than a late consequence, of 

inflammation and atherosclerosis. However inflammation does not appear to play a role in 

cataract formation. Thus for the lens, Chol crystals seem to be not harmful structures.

Lens fiber-cell homeostasis

One of the most fundamental properties of biological membranes is that they are barriers to 

the permeation of polar molecules. This is largely due to the hydrophobicity of the 

membrane interior. Human fiber-cell plasma membranes are built from highly saturated PLs 

[15, 32, 34], ~66% of which are sphingomyelins (SMs) and dihydrosphingomyelins 

(DHSMs) [32]. Membranes made of only saturated PLs [59], particularly SMs [60] exhibit 

very low hydrophobicity in the center of the membrane comparable to that of pentanol and 

octanol (with ε = 10–20). The hydrophobicity of these membranes reaches the maximal 

value, comparable at membrane centers to that of hexane (with ε = 2) only in the presence of 

a high amount of Chol (30 – 50 mol%) [59, 60]. Thus, the high Chol content in fiber-cell 
plasma membranes ensure that the lipid bilayer portion of these membranes forms the high 
hydrophobic barrier for permeation of polar molecules. The hydrophobic barrier of lipid 
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bilayer membranes saturated with Chol has a characteristic rectangular shape with the abrupt 

increase of the hydrophobicity between C9 and C10 positions on the hydrocarbon chains 

from that of methanol (ε = 30–40) to that of pure hexane (ε = 2). This characteristic shape is 

also observed for simple model PL membranes with high Chol content [59, 60] as well as 

for all lens lipid membranes, because all of them are saturated or over-saturated with Chol 

[36, 43, 55–57].

Intact fiber-cell plasma membranes are loaded with integral membrane proteins, which can 

affect barrier properties of the surrounding lipids. Esser and Lanyi [65], investigating 

properties of the lipid phase in cell envelope vesicles from Halobacterium cutirubrum, were 

the first to note, that membrane integral proteins can decrease hydrophobicity of the 

membrane. Freed’s group showed that gramicidin A significantly decreased hydrophobicity 

of PL membranes [66, 67]. Based on these works Ge and Freed [67] suggested that it might 

be a general rule that integral membrane proteins and membrane soluble peptides decrease 

the hydrophobicity of membrane interior. Later works showed, however, that transmembrane 

peptides affect membrane hydrophobicity differently, depending on their structure and 

amino acid composition. In contrast to the effect of gramicidin A, transmembrane α-helical 

peptides Ac-K2L24K2-amide [68] and Ac-K2(LA)12K2-amide [69] significantly increased 

hydrophobicity at the center of PC membranes, practically to the level of pure hexane. These 

data indicate that barrier properties of the lipid bilayer portion of intact membranes need to 

be investigated for each type of the membrane.

The barrier properties of intact fiber-cell membranes from cortical and nuclear lens regions 

of the human donors of different age groups have been investigated [18]. Hydrophobicity 

profiles were practically identical and independently of age of the donors and of the region 

of the lens. The profiles were also similar to profiles across fiber-cell membranes from 

porcine [56] eye lenses. The profiles have a bell shape with the highest hydrophobicity in the 

membrane center (C14 – C16 positions) comparable to that of N-butylamine and 1-decanol 

(ε = 6–8)), and hydrophobicity near the membrane surface (C5 – C7 positions) compared to 

that of methanol (ε ~35) (although this is still considerably less polar than in the aqueous 

phase with ε = 80). The presence of proteins changes rectangular hydrophobicity profiles, as 

observed for lens lipid membranes [36, 43, 55, 56], to bell-shaped profiles. The center of 

intact membranes becomes less hydrophobic than that of pure lens lipid membranes. The 

effect of membrane proteins on hydrophobicity profiles close to the membrane surface is 

negligible. Hence, the hydrophobicity of the membrane center is lowered by the presence of 

membrane proteins, although the hydrophobic barrier is still considerably high. The lipid 
bilayer portion of the intact fiber cell membrane provides high hydrophobic barrier which 
protect against uncontrolled leaking of small polar molecules. Thus, in human lenses 
transport of polar molecules from fiber cell to fiber cell is tightly controlled by aquaporin-0 
(AQO0) and connexins (CX46 and Cx50), the most abundant integral transmembrane 
proteins in human lens fiber-cell membranes [4, 9, 17]. This is schematically illustrated in 

Fig. 2, indicating that membrane proteins help maintain tightly adherent cell-cell junctions 

but also permit communication between tightly packed layers of fiber-cells [70, 71].
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Lens homeostasis

Lens homeostasis requires the maintenance of the stability and constancy needed for the lens 

to function properly. The major function of the lens is the focusing light on the retina. To 

function properly, the human lens must maintain transparency through entire human life 

without opacification. The very low oxygen partial pressure within the lens (close to zero in 

the lens center) has to be maintained to ensure stability and homeostasis of the lens. Any 

increase of oxygen partial pressure within the lens interior, caused by age [14, 19], 

hyperbaric oxygen treatment [20, 23, 72–75], and vitrectomy [76–78], are factors which are 

capable of inducing cataract development through the formation of reactive oxygen species 

[14, 23–26, 72, 79]. The lens is avascular and nutrients, including oxygen, must come to the 

lens interior through the diffusion process. Thus, major mechanisms which contribute to low 
oxygen partial pressure within the lens are; low oxygen partial pressure at the lens surface, 
oxygen consumption within the lens, and barriers to oxygen permeation across layers of 
fiber-cell membranes (see schematic drawing in Fig. 3).

At the lens surface, oxygen partial pressure is low; values of ~3 and ~9 mmHg have been 

reported, respectively, at the surface of the anterior and posterior cortex of the lens in the 

healthy eye [27, 80–87]. After vitrectomy the low oxygen level around the lens is disturbed 

and the partial pressure of oxygen at the posterior of the human lens may increase to ~13 

mmHg [27]. The increase in oxygen has been associated with rapid (less than 2 years) 

opacification of the lens nucleus. In older individuals, when the structure of the vitreous 

body breaks down [88], decreasing the rate of ascorbate-dependent oxygen consumption 

within the vitreous fluid [89], the posterior of the lens is exposed to the increased oxygen 

partial pressure [90, 91] increasing the risk of cataract formation. The acute increase in the 

oxygen partial pressure around the lens during hyperbaric oxygen treatment results in 

development of the cataract [76–78]. Maintaining low oxygen tension around the lens is the 
major mechanism preventing cataract development.

Oxygen consumption within the lens interior is necessary to maintain a low oxygen partial 
pressure inside the eye lens; otherwise the partial pressure of oxygen would be equal to that 
outside the lens [27, 92]. Mitochondrial respiration accounts for approximately 90% of 

oxygen consumption by the lens [93]. This suggests that the outer layers of cortical fiber 

cells (not yet mature and containing organelles, including mitochondria) could be 

responsible for a low oxygen partial pressure in the lens nucleus (Fig. 3A). If a system to 

remove oxygen from the nucleus exists, it can help to lower oxygen partial pressure in this 

region to even below that in the cortex (Fig. 3A). It was proposed that this system should 

depend on non-mitochondrial oxygen consumption and be formed by ascorbate- [22, 93] or 

glutathione-dependent oxygen consumption reactions [90]. A hypothetical high barrier to 
oxygen permeation located at plasma membranes of nuclear fiber cells should help to 
maintain a low oxygen partial pressure in the lens nucleus even at a very low oxygen 
consumption rate in this region. It should be stressed that oxygen must pass through 

thousands of fiber-cell membranes on its way from the lens surface to its center, and a very 

small oxygen partial pressure difference across each membrane (Fig. 3B) can significantly 

contribute to the oxygen partial pressure gradient across the eye lens Fig. 3A).
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The effective oxygen permeability coefficient across the lipid bilayer portion of the fiber-cell 

plasma membrane is, in the first approximation, equal to the weighted sum of oxygen 

permeability coefficients evaluated for each lipid domain. The weight for each domain is 

proportional to the surface area occupied by the domain, and divided by the total surface 

area occupied by the lipid bilayer portion of the membrane. Subczynski et al. [94, 95] 

developed the method for the calculation of the oxygen permeability coefficients across the 

membrane based on the profiles of the oxygen transport parameter (oxygen diffusion-

concentration product) across the lipid bilayer. Membranes equilibrated with nitrogen and an 

air/nitrogen mixture, without the need for creating fast-decaying oxygen concentration 

gradients, are a key aspect of this method. This method can be applied to membrane 

domains without their physical separation. Profiles of the oxygen transport parameter across 

domains in the lipid bilayer portion of intact fiber-cell membranes have been recently 

reported for cortical and nuclear lens regions of human donors from different age groups 

[18, 96] and values of the permeability coefficients for oxygen at 37°C across these domains 

were calculated and are presented in Table 1. It can be seen that for all investigated age 

groups, the oxygen permeability coefficient across the bulk plus boundary domain was 

always smaller (in average by 30%) in nuclear membranes than in cortical. This difference 

was even greater for trapped lipids where the oxygen permeability coefficient across trapped 

lipids in nuclear membranes was in average smaller by 45%, compared to that in cortical 

membranes. Permeability of the trapped lipid domain in cortical and nuclear membranes 

was, respectively, ~4.7 and ~8.5 times smaller than the permeability across water layers of 

the same thickness as the domain. Permeability of the trapped lipid domain was even smaller 

than permeability of gel-phase membranes [94]. Thus, the trapped lipid domain forms a 
major membrane barrier to oxygen transport into the lens center, and this barrier is 
significantly greater in the lens nucleus. However, for all age groups investigated, values of 

the oxygen permeability coefficients measured for corresponding membrane domains do not 

change significantly with age.

Membrane proteins are nearly impermeable to oxygen [97, 98]. Thus, the total effective 

oxygen permeability coefficient across the intact fiber cell plasma membrane is equal to the 

oxygen permeability coefficient evaluated for the lipid bilayer portion of the membrane, 

decreased by a factor proportional to the surface area of the lipid bilayer portion, divided by 

the surface area of the entire membrane. It can be concluded that human fiber-cell plasma 
membranes, especially those in lens nucleus, form significant barriers for oxygen 
permeation.

Concluding remarks and future directions

Values of the oxygen permeability coefficients across domains are listed in Table 1 and the 

relative amount of lipids (PLs and Chol), which determines the surface area of the domain, is 

presented in Table 2. The relative amounts of boundary and trapped PLs and trapped Chol in 

nuclear membranes increase significantly when the donor age increases. The amounts of 

lipids in those domains in cortical membranes do not change significantly with age. The 

combination of results presented in Table 1 and Table 2 allow concluding that the high 

barrier to oxygen permeation into the lens center is formed by trapped lipids in the lipid 

bilayer portion of nuclear fiber cell membranes, and this barrier increases with the human 
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age. In cortical fiber cell membranes barriers formed by the lipid bilayer domains are 

significantly lower than in nuclear fiber cells and do not change with age, although these 

barriers are still considerably greater than across a water layer of the same thickness as 

domains.

Because the protein content in human lens membranes is extremely high [4, 34, 99–101], it 

should significantly increase the total barrier properties of fiber cell intact membranes as 

compared with the barrier created only by the lipid bilayer portion of the membrane. The 

protein content increases with age [4, 99, 100] and is higher in the nucleus compared to 

content in the cortex [34, 101], thus, the total barrier properties of fiber cell intact 

membranes are greater in aged fiber cells and in nuclear membranes than in cortical 

membranes.

The data strongly suggest that fiber cell plasma membranes form significant barriers to 

oxygen transport. Additionally, the data indicate that with age, the fiber cell plasma 

membrane becomes less permeable to oxygen. In clear lenses age-related changes in the lens 

lipid and protein composition and organization are orchestrated in a way that increases the 

fiber cell plasma membrane’s resistance to oxygen permeation helping to maintain lens 

transparency and protecting against cataract formation.

Disturbances of the factor that contribute to lens homeostasis should lead to the 

compromising of lens transparency and development of cataract [8]. As the human organism 

ages, some of these homeostatic abilities become reduced (for example the structure of the 

vitreous body breaks down with age [91]). These inefficiencies gradually result in an 

unstable environment of the lens interior, changes of physical properties of lens components, 

and are contributors to age related cataract development.

Investigations of the effects of oxidative stress on cataract development have often focused 

on damage done to cytoplasmic crystallins; effects on the organization of lipids in fiber-cell 

membranes were not investigated. This gap, in our knowledge of lens lipids, should be filled 

in future investigations of changes in the organization of fiber-cell membranes as a function 

of oxidative stress. Research should attempt to answer the questions such as: Is lipid 

peroxidation inducing formation of CBD and Chol crystals in fiber-cell membranes? Are 

there any predisposing factors (such as lipid composition or membrane structure) that 

enhance lipid peroxidation and formation of CBDs and Chol crystals? Identification of these 

factors that may predispose lenses to develop cataracts is the first step for devising and 

evaluating strategies for prevention, slowing the progression, and curing cataract.

A universal manifestation of the aging of the transparent human lens is presbyopia. The age-

related stiffness of the lens is most often associated with the age-related changes that occur 

within the cytosolic proteins in the lens, making the lens harder and less elastic over time 

[104,105]. We think that the age-related changes in the PL composition of the fiber-cell 

membranes may significantly contribute to the increased lens stiffness through the increased 

membrane mechanical rigidity. The most characteristic age-related change in the lipid 

composition of the plasma membranes of human eye lens fiber cells is the increase of 

sphingolipid content (up to ~66 mol% of total PLs [15,31–33]) and Chol content (up to the 
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Chol/PL molar ratio of 4 [34,37–39]). These two components should determine properties of 

the aged fiber-cell membranes, including their mechanical properties. The amount of Chol is 

always high enough to saturate the PL bilayer of human fiber-cell membranes [43,55]. On 

model membranes, the mechanical rigidity of the PL bilayers (rigidity to macroscopic 

deformation like bending) has been shown to increase with the Chol concentration 

[106,107]. Saturating Chol content should maximize this rigidity. Most significantly, 

however, is the fact that Chol increases the mechanical rigidity of the sphingolipid bilayer 

much more than the rigidity of bilayers made of other PLs presented in fiber-cell membranes 

[106]. All these data indicate that the rigidity of the fiber-cell plasma membrane should 

increase with age. Because the stiffness of the aged lens depends on the rigidity of thousands 

of individual membranes, it should also significantly increase with age. To the best of our 

knowledge, these investigations were performed only on model membranes and were not 

directed to the mechanical properties of eye lens fiber-cell plasma membranes. This appears 

to be a worthy topic for future investigation.

Finally, we would like to comment as to whether age-related changes in the composition and 

organization of lipids in the fiber-cell plasma membrane are beneficial or harmful for 

maintaining lens transparency and other lens functions, including the focusing of light on the 

retina. Presented data indicate that with age, fiber-cell plasma membranes become less 

permeable to oxygen, which should help to maintain lens transparency and protect against 

cataract development. These changes should be considered as beneficial. Seemingly, this 

conclusion is in conflict with the commonly accepted point of view that no age-related 

changes are beneficial. This commonly accepted viewpoint is based on the fact that, for 

humans, natural selection ceases at menopause. Thus, changes in lens properties beyond the 

age of ~50 years probably are not beneficial. We think, however, that mechanisms 

“developed” during evolution to protect lens against oxidative damage, which include 

increases in the sphingolipid content, the saturation of PLs, and the Chol content, can work 

beyond the age of ~50 years (if natural selection did not have “reasons” to cease them). Age-

related changes in the composition of lipids in fiber cells may also contribute to the 

increased stiffness of the lens and development of presbyopia. These changes certainly are 

harmful and compromise the focusing property of the lens. We conclude that mechanisms 

developed during evolution to maintain lens functions, if they are still working beyond the 

age of ~50 years, can be beneficial for some membrane functions and harmful for others.
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Saturating cholesterol helps maintain lens membranes homeostasis during aging

Lens membranes form a hydrophobic barrier for uncontrolled leakage of polar 

molecules

Fiber cell membranes help maintain low oxygen partial pressure inside the lens

Changes in the lens membrane’s lipid composition may contribute to presbyopia
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Fig.1. 
Schematic drawing illustrating, induced by the increased cholesterol content, changes in the 

organization of lipids in the lipid bilayer membranes. As indicated in the text, structures (B, 

C, and D may be relevant to the eye lens lipid membranes).
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Fig. 2. 
Schematic drawing of the human lens intact membranes indicating the tightly adherent cell-

cell junctions formed by membrane proteins (AQP0, Cx46, and Cx50). These proteins 

permit also communication between tightly packed layers of fiber-cells. The lipid bilayer 

portion of the intact fiber cell membrane provides high hydrophobic barrier which protect 

against uncontrolled leaking of small polar molecules. Purported lipid domains induced by 

the high Chol content and the presence of integral membrane proteins are indicated. The 

intact membranes were found to contain three distinct lipid environments termed the bulk 

lipid domain, boundary lipid domain, and trapped lipid domain [18, 96]. However, the 

cholesterol bilayer domain (CBD), which was detected in cortical and nuclear lens lipid 

membranes [43, 55], was not yet detected in intact membranes. Note that Chol is excluded 

from boundary lipids [102, 103].
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Fig. 3. 
(A) Diagram of the human eye lens section showing the location of the lens cortex (blue) 

and nucleus (white). Differentiating fibers (dark blue) near the lens surface contain a normal 

complement of organelles, including mitochondria. Maturate fibers located in the deeper 

central region of the lens (light blue in cortex and white in nucleus) do not contain 

mitochondria. Values of the oxygen partial pressure at the surface of the anterior and 

posterior cortex of the lens in the healthy eye are taken from [27]. Arrow heads indicate the 

purported changes of the oxygen partial pressure toward the lens center with the thickness 

proportional to the partial pressure value (note that 90% of oxygen flux is consumed by 

mitochondria located in the differentiating zone [93]). (B) Oxygen partial pressure 

difference across the fiber cell plasma membrane formed by oxygen consumption by fiber 

cells at deeper locations in the lens. Note that oxygen is crossing the outermost plasma 

membrane of the fiber cell from extracellular space to the cytoplasm, going through 

cytoplasm, and crossing the innermost membrane of the same fiber cell from the cytoplasm 

to the extracellular space (indicated in parenthesis).
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Table 1

Permeability coefficients for oxygen, PM (cm/s), across the hydrocarbon region of domains in human intact 

membranes of different age groups at 37 °C.a

Age Group (years) 0–20 21–40 41–60 61–80

Cortical membranes (bulk + boundary lipids) 76.9±23b 79.8±24 66.3 ±20 73.2±22

Nuclear membranes (bulk + boundary lipids) 51.7±15 45.0±13 53.8 ±16 50.7±15

Cortical membranes (trapped lipids) 19.1±6 23.1±7 16.8 ±5.0 23.2±7

Nuclear membranes (trapped lipids) 12.8±4 10.2±3 8.5 ±2.5 13.9±4

Water layerc 94.4±28 94.4±28 94.4 ±28 94.4±28

a
Data taken from [18, 96].

b
PM was determined as the mean of the maximal and the minimal evaluation, which takes the uncertainty of the location of the spin label nitroxide 

group into account [94, 95]. Mean values ± differences between mean values and maximal (minimal) evaluations are indicated.

c
The thickness of the water layer is the same as the hydrocarbon region.
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Table 2

Amounts of PLs (% of total PLs) and Chol (% of total Chol) in domains uniquely formed due to the presence 

of membrane proteins in human intact cortical and nuclear lens membranes. Data were obtained for samples 

from pools of ~20 clear lenses from donors of three age groups (0 – 20, 21 – 40, and 61 – 80).a

Age Group (years) 0–20 21–40 41–60 61–80

Cortical membranes (Boundary PLs + Trapped PLs)b 28 33 37 35

Nuclear membranes (Boundary PLs + Trapped PLs)b 36 38 46 56

Cortical membranes (Trapped Chol)c 0 0 0 5

Nuclear membranes (Trapped Chol)c 16 35 50 60

a
Data taken from [18, 96].

b
Results obtained based on conventional EPR spectra of 12-doxylstearic acid spin label (12-SASL).

c
Results obtained based on conventional EPR spectra of androstane spin label (ASL).
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