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Abstract The aim of the study is to evaluate and

correlate the morphology and cell density of epithelial

cells adhering to lens capsule surgically removed from

the anterior central region with lens clarity and type of

cataract present in patients with or without type 2

diabetes. Capsulorhexis specimens were obtained

from patients who had undergone phacoemulsification

cataract surgery. All the samples were centrifuged and

stained by the aid of Papanicolaou technique and were

observed under light microscope.We determinated the

mean cell density, the degree of epithelial damage, and

morphological indicators of cells such as cell area and

the nucleus–plasma ratio. Patients with cataract

demonstrated a statistical significant decrease in cell

density and an heterogeneous cell picture in which

enlarged cells dominated. In addition, type 2 diabetics

with cataract had a significantly even lower mean

epithelial cell density by the presence of larger cell

area with smaller nucleus–plasma ratio. More pro-

nounced alterations in the lens epithelium were

correlated not only with the presence of cortical

cataract, increased fasting blood sugar, and increased

HbA1c but also with the prolonged duration of

diabetes and the co-existence of diabetic retinopathy.

It seems that density and morphology of the anterior

lens epithelial cells determine the lens epithelium

damage which is more profound in hyperglycemia and

in cortical cataracts. The changes in lens epithelium

seem to play an important role in cataractogenesis.
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Introduction

Cataract is the most common cause of visual distur-

bance in ophthalmology. The incidence of cataract

significantly increases with age. In industrial coun-

tries, it is estimated that 50 % of people at the age of

70–79 years develop cataract [1]. The age-related

cataract continues to be the main reason for blindness

in people of the developing countries. Modern cataract

surgery, the only successful treatment, remains a not

uncomplicated and rather an expensive procedure

which cannot solve the relative medical and social

problems. Although systemic diseases [2] such as

diabetes mellitus and hyperparathyroidism have been

associated with cataract, the cause and mechanisms of

cataract in otherwise healthy adult is unclear.
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Diabetes, also referred to as diabetes mellitus, is

associated with a five-fold higher prevalence of

cataract [3].

The anterior surface of the human lens is covered

by a single layer of cuboidal epithelium that in the

equatorial region of the lens terminally differentiates

into the anucleate, elongated, crystallin-rich but

organelle-deficient fiber cells that comprise the bulk

of the lens mass. Unlike the unlimited replicative

capacity of the epithelial germinative zone, located in

the pre-equatorial region, the cells of the anterior axial

part of the lens are considered to be quiescent and not

replicative throughout life, bearing a survival mech-

anism that remains largely unknown [4]. The central

lens epithelium is vital for the preservation of lens

fiber homeostasis and clarity, protecting the underly-

ing fibers from injury and oxidative insult, transport-

ing fluid and ions to and from the deeper layers of the

lens, and providing nutrients to the elongating lens

fibers [5].

Age-related cataract is a multifactorial disease [6],

in which incidence and progress are modified by

various factors, including sex, radiation [7] (visible,

ultraviolet, and X-ray), oxidation, physical trauma,

diet, and medications. Malfunctioning epithelium has

been implicated in the pathogenesis of both human and

experimental animal cataract via the process of

apoptosis due to oxidative stress, UVB irradiation,

and calcium influx [8].

In this study, we sought to detect the morphology,

cell density, and morphometric features of the human

lens epithelium collected from patients with clear lens

and with age-related cataract in the presence or not of

type 2 diabetes. In view of the important functions

attributed to the lens epithelium, the aim of this study

was to investigate the degree of its damage in relation

with the type of cataract and other diabetic parameters.

Take into consideration, indicators such as cell

diameter and nucleus–plasma ratio [9], we established

that accumulated damage could impair the ability of

the lens epithelial cells to protect the underlying fibers

or the reduced epithelial cell density could diminish

the protection afforded by the epithelium [10].

Materials and methods

A total amount of 120 circular anterior capsules with

attached lens epithelial cells were obtained from 50

patients with adult-onset cataract and type 2 diabetes

(DM group), 50 patients with age-related cataract but

without diabetes (AR group), and finally from 20 non-

diabetic patients who had undergone clear lens

extraction within the scope of refractive surgery for

high myopia ± amblyopia (CL group) (Table 1).

The DM group consisted of 25 females and 25

males, with an age range which varied from 64 up to

80 years and mean age 74 years. In correlation, the

AR group consisted of 25 females and 25 males, with

age ranging from 65 to 83 years and mean age

75 years. Lastly, the CL group included only patients

without diabetes (11 males and 9 females, with age

ranging from 48 to 57 years and mean age 51 years).

In the CL group, the inclusion criteria were myopia

of -12.0D or higher in spherical equivalent, a BCVA

of 20/70 or worse, anterior chamber depth (ACD) of at

least 2.8 mm, endothelial cell count of at least 2500

cells/mm, and a wide-open angle (20–40�) by the

Shaffer’s gonioscopic classification.

Patients who were under steroidal anti-inflamma-

tory drug treatment and those who had systemic

disorders such as cancer, rheumatic disease, and other

chronic inflammatory diseases were excluded from

this study. Patients who had ocular complications,

such as pseudoexfoliation syndrome, glaucoma,

uveitis, trauma, and other retinal diseases, except

diabetic retinopathy (DR), were also excluded from

this study. In addition, none of the patients had

undergone previous ocular surgery.

From those 120 patients who were continuously

recruited for this prospective study, all the clinical

parameters were obtained just before the operation.

All the patients were examined by an ophthalmol-

ogist with the aid of the slit lamp after maximum

dilation of the iris. The severity of different types of

cataracts (cortical, nuclear, anterior, and posterior

subcapsular cataract) was estimated according to the

lens opacities classification system III (LOCS III)

[11]. The group of clear lens was defined by patients

who were operated for correction of high myopia

without any retinal disease.

The diagnosis of type 2 diabetes was made by an

endocrinologist according to the criteria of the Amer-

ican Diabetes Association. From all diabetic patients,

we had additionally recorded blood parameters such as

fasting blood sugar (NBZ), glycosylated hemoglobin

(HbA1c), duration of diabetes, and finally appearance

and severity of DR.
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All the specimens of anterior capsules were

obtained from the above patients with the surgical

technique of the phacoemulsification. One capsule

was randomly selected if the patients underwent

surgery of both eyes. A continuous curvilinear capsu-

lorhexis (CCC) was performed under local anesthesia

(2 % xylocaine), through a clear corneal incision

(3 mm in length) and with the aid of an injected

viscoelastic material into the anterior chamber. The

anterior central lens capsule and the adherent lens

epithelium—of approximately 5–6 mm in diameter—

were carefully removed with a forceps. Immediately

upon excision, each specimen was held with this fine

forceps and washed gently with irrigating solution in

order to remove the viscoelastic agent. To minimize

cell damage, the anterior lens capsules were immedi-

ately fixed in neutral formalin 10 %. Accordingly, the

samples were transported to the laboratory where they

were centrifuged and stained by the Papanicolaou

(PAP) technique [12]. PAP stain is a polychromatic

cytological staining technique designed to display the

many variations of cellular morphology showing the

degree of cellular maturity and metabolic activity. The

use of PAP stain results in well stained nuclear

chromatin, differential cytoplasmic counterstaining,

and cytoplasmic transparency. It is a very reliable

technique resulting in very transparent cells, so even

thicker specimens with overlapping cells can be

interpreted. The samples were fixed in 95 % ethyl

alcohol for a minimum of 15 min. Nuclear staining

was done using Harris haematoxylin. We used the

regressive method, in which we deliberately over

stained with haematoxylin and removed the excess

stain by using a differentiating solution as acid alcohol

(0,05 % HCL in 70 % ethyl alcohol).As haematoxylin

was used in an acid pH, a pink color formed indicating

that it was not stable. In order to make it stable, the

compound was brought to alkaline pH (bluing) by

treating with a weak alkaline solution. We used

ammonium hydroxide solution (15 ml of ammonium

hydroxide 28–30 %weight/volume to 985 ml of 70 %

ethanol) as bluing solution. Cytoplasmic staining was

performed with OG-6 (Orange-G) and EA-36 (Eosin

Azure) stains. Both are synthetic stains with OG-6

being a monochrome and EA-36 a polychrome one.

The samples were dehydrated in absolute alcohol for

two or three changes in order to remove the water and

were coated on the glass slides for observation. On a

well-prepared specimen the cell nuclei are crisp blue

to black.

In order to examine the morphology of the lens

epithelium and provide a basis for the evaluation of its

damage, we graded it according to its appearance.

With the aid of light microscope, we examined the

integrity and the continuity of the epithelial mono-

layer, the local cell reduction, the enlargement of the

epithelial cells, and the degeneration of their nuclei.

With a view to minimize the influence of artifacts,

we investigated only lens epithelium of the central

capsule without any signals of mechanical damage

relating to surgical trauma.

The morphology of the epithelial cells was studied

using a light microscope and with the aid of an

incorporated camera we took photos at a magnifica-

tion of 100, 200, and 400 in order to identify special

phenotypes and diameter of the cells. Using a

Table 1 Summary of patient profiles of each of the three groups (clear lens, age-related cataract, and adult-onset cataract with

diabetes type 2)

Group Clear lens

extraction (CL)

Age-related cataract without diabetes (AR) Cataract with diabetes II (CL)

Range of age 48–57 65–83 64–80

Mean age 51 75 74

Male ? female 25 ? 25 25 ? 25 11 ? 9

Lens, type of

cataract

Clear lens without

any opacification

Cataract (20 nuclear, 10 cortical, 10 posterior

subcapsular, and 10 mixed with nuclear,

cortical, and posterior capsular

opacification)

Cataract (11 nuclear, 21 cortical, 13 posterior

subcapsular, and 5 mixed with nuclear,

cortical, and posterior capsular

opacification)

Exclusion

criteria

Steroidal anti-inflammatory drug treatment, systemic disorders (cancer, rheumatic disease, and other chronic

inflammatory diseases),ocular complications (pseudoexfoliation syndrome, glaucoma, uveitis, trauma, and other

retinal diseases, except diabetic retinopathy), previous ocular surgery
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standardized computer program for cytometry, we

further tested parameters such as: mean cell density

(cells/mm2), mean nucleus area (lm2), mean nucleus

volume (lm3), mean cell area (lm2), and nucleus–

plasma ratio. All the results from the densitometric

and morphologic analysis of the capsulotomy spec-

imens (epithelial tags) were correlated with several

clinical parameters such as age, sex, type and

maturity of cataract, existence and severity of

diabetes type 2, blood parameters (NBZ, HbA1c),

and finally with the appearance and severity of DR.

This study was carried out according to the ethical

principles of the declaration of Helsinki regarding

biomedical research involving human subjects

(World Medical Association). Proper approval was

obtained before all experiments.

The Statistical Package of Social Sciences for

Windows (SPSS Inc., PASW Statistics version 18)

was used for statistical analysis, and findings were

considered to be statistically significant if P\ 0.05.

The influence of the chosen parameters on the

morphology of the lens epithelium was evaluated by

means of multifactorial analysis of variance.

As it was difficult to gather a larger number of

patients with clear lens extraction and to establish an

age-matched population compared to DM and age-

related cataract patients, we evaluated these two

parameters in our analysis taking into consideration

the estimated rate of decrease of epithelial cells with

age.

Results

(1) In the CL group (Fig. 1), the lens epithelium

demonstrated an almost homogenous cell picture with

no damage appearance. The cell area was on average

smaller and the nucleus was distinctly visible in nearly

all cells. The pattern of cells was extremely regular

containing polygonal or cuboidal epithelial cells of

similar size in an ordered array with no gaps between

cells. The nucleus was relatively large in contrast to

the smaller cytoplasm surrounding it, meaning that the

nucleocytoplasmic ratio had shifted towards the

nucleus. The cells were generally well demarcated

from each other, so that we could comment on the

membrane. The membrane did not look smooth, but

slightly lobulated and there were only a few cells

containing vacuoles. The corresponding mean cell

area was 195.2 ± 15.4 lm2 (18 lm in mean diame-

ter) and the diameter of the epithelial cells was found

to vary from 12.5 to 22.5 lm. In the central region of

the anterior capsule, the mean cell density was

4743 ± 371cells/mm2. The mean nucleus area was

45.2 ± 1.6 lm2 with mean nucleus volume

231.5 ± 12.8 lm3 and mean nucleus-plasma ratio

0.23 ± 0.03. In all the samples, the lens epithelium

appeared as a continuous layer without any local cell

reduction and the cell nucleus did not show any

pathological changes.

(2) In the AR group (Figs. 2, 3), there was an

heterogenous cell picture in which the abnormally

enlarged cells dominated. The corresponding mean

cell area was 200.7 ± 18.5 lm2 (22 lm in mean

diameter). In the central region of the anterior capsule,

the mean cell density was 4140 ± 554 cells/mm2. The

mean nucleus area was 43.1 ± 2.1 lm2 with the mean

nucleus volume 215.7 ± 17.5 lm3 and mean

nucleus–plasma ratio 0.19 ± 0.03.

Additionally, we noticed a number of pathologi-

cally enlarged cells that had a mean area of

250–350 lm2. Their corresponding cell diameter

varied from 30 to 50 lm and they presented a

transparent appearance with cytoplasm accumulating

at the periphery. Their nucleus was rarely visible often

Fig. 1 PAP-staining in a sample of clear lens epithelium. The

cytometry program revealed that mean cell density ranged from

4372 to 5114 cells/mm2. The epithelial sheet appears as a

continuous, united cell structure without local cell reduction.

The nucleocytoplasmic ratio is shifted towards to the well-

demarcated nucleus. The bluish-stained areas represent the

epithelial cells while the reddish-stained area depict the

extracellular matrix of basic membrane (original magnification

9400)
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showing filamentous structures. Between them, we

occasionally detected a lower number of smaller and

more regular epithelial cells.

As above mentioned, the cell picture showed

heterogeneity with the cell’s diameter varying greatly

within the individual lenses. The damage to the lens

epithelium sheet could be characterized from moder-

ate (several cells were loosened and unhinged from the

epithelial sheet, but a continuous layer was otherwise

still present) to severe (the lens epithelial sheet was

absent and only groups of cells remained). In relation,

the cell’s nuclei were different in their size and

staining. A number of cells presented both nuclear

contraction and swelling that however faded and

delimited towards the cytoplasm. Between these

figures, we found occasionally some very enlarged

cells in which partial karyorrhexis had happened by

the means that the cell nucleus was degenerated and

the cell periphery could no longer be defined as

cytoplasm.

We identified a statistically significant difference in

mean cell density between patients with age-related

cataract and the population of patients with clear lenses

(P = 0.026). This finding was in conjunction with the

fact that we observed a significant age-related decrease

of the mean cell density (P = 0.029). Between males

and females the mean age-adjusted difference of cell

density was 687 ± 58 cells/mm2 and was characterized

as highly significant (P\ 0.002). Both sexes showed a

similar age-related decreasein cell density of approx-

imately 10.8 cells/mm2/year.

We did not find any statistically significant differ-

ence (P[ 0.1) between the type of cataract (cortical,

nuclear, anterior, and posterior subcapsular cataract)

and the mean cell density of anterior lens capsule.

From the above-mentioned, it was only the subgroup

of 70-years-old individuals with cortical or subcapsu-

lar cataract that was excluded. In these patients, we

observed lower mean cell density of 3770 ± 134

cells/mm2 (P = 0.03) and the greater number of

abnormally enlarged and irregularly shaped cells.

In non-diabetic patients with cataract, besides the

lower cell density (P = 0.026) we observed lower

nucleus area (P = 0.03), lower nucleus volume

(P = 0.004), and lower nucleus–plasma ratio

(P = 0.002) related to individuals with clear lenses.

(3) In the DM group (Figs. 4, 5), the mean cell

density was 3803 ± 422 cells/mm2. The correspond-

ing mean cell area was 225.4 ± 22.4 lm2 (25 lm in

mean diameter). The mean nucleus area was

41.2 ± 1.8 lm2, the mean nucleus volume was

205.5 ± 12.1 lm3, and the mean nucleus–plasma

ratio was 0.17 ± 0.02.

The analysis of our data certified that in the DM

group existed a statistically significant reduction in the

cell density of the anterior central epithelium and

nucleus–plasma ratio, with a concomitant increase in

cell area and decrease in nucleus area and nucleus

Figs. 2–3 PAP-staining in a sample of lens epithelium with

cataract. The epithelial cells appears with a larger diameter

while several cells are loosely connected to the capsular sheet.

Cytometry analysis revealed mean cell density ranging from

3586 to 4694 cells/mm2. Nuclei present heterogeneity with

diminished area and volume (original magnification 9400)
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volume (P\ 0.05) related to individuals with clear

lenses and cataracts.

In addition and similar to the AR group, the lens

epithelium presented a great variety of cell diameter

while a great number of cells were detached from the

epithelial sheet. In many samples, the lens epithelial

sheet was absent and only accumulations of cells

remained forming isolated groups.

In this group, there was also a significant age-

related decrease of the mean cell density (P = 0.032)

without being statistically different from the AR group

(P = 0.21). Both males and females showed a similar

age-related rate of decrease in cell density of approx-

imately 10.8 cells/mm2/year.

Furthermore, we did not confirm any statistically

significant difference (P[ 0.1) between the type of

cataract (cortical, nuclear, anterior, and posterior

subcapsular cataract) and the mean cell density of

anterior lens capsule, even in the over 70-year-old

individuals with cortical or subcapsular cataract and

diabetes.

Patients with increased values of fasting blood

sugar ([6.50 mmol/l) or elevated values of HbA1c

([8.50 rel.%) presented a significant lower cell

density (P = 0.028), smaller nucleus area

(P = 0.003) and volume (P = 0.005), larger cell area

(P = 0.002), and smaller nucleus–plasma ratio

(P = 0.002) than did diabetic patients with normal

laboratory values. The increased damage of the lens

epithelium was significantly correlated not only with

the increased fasting blood sugar and HbA1c but also

with the increased duration of diabetes (P = 0.03) and

the co-existence of DR (P = 0.02).

(4) Among the three groups, the overall multifac-

torial analysis of variance demonstrated that the

decrease of mean cell density and the degree of

alterations in epithelial cells was significantly age-

related (P = 0.002) and correlated with the presence

of cortical cataract (P = 0.003) and the existence of

diabetes (P = 0.001).

Discussion

The lens epithelial cells consist of a monolayer of

cuboidal cells covering the anterior aspect of the lens

that faces the cornea and the outside world. The lens

epithelium ends on the rims of the anterior surface of

the lens. It contains cells in the central region that do

not divide and are essentially ‘‘quiescent’’, surrounded

by a germinative/dividing zone of cells, followed (at

the equatorial fringe) by the dividing cells that

differentiate into fiber cells. A remarkable feature of

this epithelium is its capacity to divide and differen-

tiate almost all through the life of an individual [13].

The pattern of growth that results from the division

and differentiation of the lens epithelial cells at the

equatorial rim gives lens its unique physiognomy. The

new (fiber) cells made from the lens epithelium, at its

equatorial rim, keep adding on top of the older fiber

Figs. 4–5 PAP-staining in a sample of lens epithelium with

cataract and TYPE 2 diabetes. The cytometry analysis revealed

the lower mean cell density range from 3381 to 4225 cells/mm2.

The epithelium sheet presents a great variety of enlarged cells

while the nuclei are faded and delimited towards the cytoplasm.

The nucleocytoplasmic ratio is constantly shifted to the side of

cytoplasm. (Fig. 4 original magnification 9200, Fig. 5 original

magnification 9400)
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cells in such a way so that the oldest cells are buried

deep inside the lens.

The cells in the lens epithelium are packed with

intercellular space. Their apical surfaces point inwards

the lens fibers and their basal surfaces outwards

contact the basement membrane which makes the

capsule that surrounds the whole lens. The posterior

surface of the lens lacks any epithelium having been

transformed into fiber cells.

The lens epithelium plays a crucial role in the overall

metabolic status of the fiber cells [14]. This is enchased

by the fact that in the fiber cells, besides the absence of

endoplasmic reticulum, mitochondria, and nucleus,

there is lack of a vascular system that would remove

metabolic/physiologic waste replenishing the intra- and

intercellular milieu of the lens. The dynamics of the

active transport across the lens epithelium from the

aqueous humor creates a gradient ofNa? andK? ions in

the lens: increased concentrations of (a) K? in the

anterior and (b) Na? in the posterior of the lens [15].

Epithelium does most of the work in maintaining a low

sodium concentration in the lens and an active resting

potential, pumping in K? and extruding Na?, which

enters the lens from the posterior surface by diffusion.

Furthermore, there are three carrier systems in the

lens epithelium for the transport of basic, neutral, and

amino acids [16]. Interestingly lens accumulates very

high concentrations of taurine and myo-inositol [17].

Changes in its concentrations are indicative of the

changes in the permeability characteristics of the

epithelium, particularly in the cataractous lens when

the concentration of taurine decreases [18]. Lens

epithelium is also the major site of detoxification and

defense against oxidative insults [19]. It contains

active proteosome complexes and an active ubiquitin-

dependent proteolysis pathway that degrades oxidized

proteins such as a-crystallins. The lens epithelium

contains the highest concentration of glutathione

(GSH) [20] and NADPH [21]. Glutathione is synthe-

sized within the epithelium. The lens epithelium

contains an active glutathione redox cycle that keeps

GSSG reduced to GSH ensuring detoxification of

oxidizing molecules. Epithelium is able to detoxify

physiological concentrations of H2O2 enzymatically

involving glutathione reductase, glutathione peroxi-

dase, and the hexose monophosphate shunt. It was

discovered very early that peroxide is formed via the

light-catalyzed oxidation of ascorbic acid in the

aqueous humor [22].

In this study (Table 2), the lens epithelium in clear

human lenses presented an almost homogenous pic-

ture with lower cell area, larger and distinct nucleus

area and volume, as well as larger nucleus–plasma

ratio. The average number of epithelial cells per unit

area in the anterior pole showed very small variations,

with figures around 4500/mm2. Furthermore, in this

group there was a statistically insignificant correlation

between the cell density and age. In agreement with

older studies, we also observed that in women the cell

density of lens epithelium was higher than in men [23]

but with a similar linear age-dependent decrease in

both sexes.

In cataractous lenses, the density of cell population

varied greatly. The mean number was around

4000/mm2, but there were lenses with even lower cell

counts, with the lowest at nearly 2500/mm2. Further-

more, we confirmed an heterogeneity in the size of

epithelial cells. In those capsular specimens, there was

a predominance of the enlarged, abnormal, irregular

cells with a less visible nucleus.

Diabetic patients with cataract demonstrated an

even lower mean cell density with figures around

3500/mm2 while the majority of the epithelial cells

presented a lower nucleus–plasma ratio than those of

non-diabetic patients with cataract.

The entire group of cataract shows a significant age-

related decrease of the mean cell density but males and

females showed a similar decrease of cell density with

age.

The low number of epithelial cells per area and the

alterations in morphology of lens epithelium could be

explained by (1) inherited low number of cells per

area, (2) cell degeneration and cell death my means of

apoptosis or necrosis, (3) reduced mitotic activity, or

(4)various combinations.

It is clear that physical and/or chemical insult may

initiate apoptotic program in lens cells, but whether

apoptosis contributes to cataractogenesis remains

unresolved.

Some authors reported a significant number of

apoptotic cells in capsular epithelial surgical samples

from cataractous patients in comparison to those

obtained from normal donors [24]. They claimed that

the procedure of apoptosis in lens epithelium (i) inter-

rupts the long life of the human lens, therefore

contributing to the thinness of cataract lenses and the

lower density of epithelial cells in cataract lenses and

(ii) causes the depletion of the patches of lens
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epithelial cells that eliminate homeostatic epithelial

cell control of the underlying fiber cells, leading to

impairment of the integrity and transparency of the

underlying fiber cells. On the other hand, there are

studies that attributed presence of any TUNEL-

positive cells in capsulotomy specimens most likely

to be due to necrosis caused by post-surgery handling

of the specimen, thereby challenging the claim that

apoptosis may lead to cataractogenesis [25]. Another

interesting aspect of the relationship between cell

density and apoptosis is based on the theory that a

significant decrease in cell density with age could lead

to paucity of the presumed survival factors that could

in turn lead to further deterioration of the integrity of

the lens epithelium by initiating apoptosis. While such

denuded ‘‘black holes’’ [26] have been described in

human lens epithelium, their origin is unknown and

their relationship to cataracts is unproven.

Furthermore, the rate of apoptosis seems to be quite

smaller compared with the postulated mitotic index of

the germinative zone of lens epithelium [27]. The

latter finding implies that, apart from other patho-

physiologic consequences, cataract-related apoptosis

of the lens epithelium is unlikely to result in lens

epithelial depletion. It seems that cells originating in

the proliferative pre-equatorial zone of epithelium

migrate slowly to the central area of lens capsule in

order to replace the apoptotic cells.

Additionally, it was postulated that the mitotic

index in cataractous lenses was very low (0.016 %)

and did not differ significantly from age-matched

normal lenses [28]. In the mature human lens, the

mitotic index was tenfold less than that reported for

rabbit in the central zone although a lens from a

23-year-old donor exhibited a similar mitotic index.

From this data, it is obvious that there is no correlation

between the cataractogenesis and mitotic index at least

at the central and pre-equatorial epithelium.

In the present study, we found that the group of over

70-year-old individuals with cortical or subcapsular

cataract demonstrates a statistically significant

decrease in mean cell density and a more pronounced

damage of lens epithelium. This could be explained by

the fact that in cortical cataracts the lens epithelium is

closely adjacent to the superficial lens fibers that are

most affected in this type of cataract.

Immunohistochemical studies in patients with

anterior polar cataract show that the epithelial cells

were stained strongly with vimentin (a specific antigen

for mesenchymal cells) and weakly with cytokeratin (a

specific antigen for epithelial cells) [29]. This hypoth-

esis of the bipotential nature of epithelial cells for

degeneration and transdifferentiation according to the

type of cataract, could be useful in explaining the more

evident damage of lens epithelium in cortical

cataracts. In contrary, there are studies using the no-

contact specular microscope for LEC observation that

found a significant increased mean cell density in

cortical cataract compared with the histological spec-

imens [30]. This finding needs further evaluation as

the specular images might be a complex of the lens

epithelium and basement-membrane-like layer and the

enhanced image may not indicate the absolute value of

the mean cell density.

In type 2 diabetes with cataract, we evaluated a

higher damage to the lens epithelium with larger cells,

Table 2 Morphology of the lens epithelium in non-diabetics with opacified (AR, n = 50) and clear lenses (CL, n = 20) and in type

2 diabetics with cataract (DM, n = 50)

Mean cell

density (cells/mm2)

Nucleus

area (lm2)

Nucleus

volume (lm3)

Cell area

(lm2)

Nucleus–plasma

ratio

Clear lenses 4743 45.2 231.5 195.2 0.23

N 20 20 20 20 20

SD 371 1.6 12.8 15.4 0.03

Age-related cataract 4140 43.1 215.7 200.7 0.19

N 50 50 50 50 50

SD 554 2.1 17.5 18.5 0.03

Diabetes and cataract 3803 41.2 205.5 225.4 0.17

N 50 50 50 50 50

SD 422 1.8 12.1 22.4 0.02
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decreased nucleus area and volume, as well as smaller

nucleus–plasma ratio compared with the non-diabetics

with clear lens. This fact ascertains the initial effect of

diabetes mellitus type 2 to the morphology and

function of lens epithelium.

Experiments in rats demonstrated that the earliest

structural abnormalities related to sugar cataractoge-

nesis occurred in the central lens epithelium only

after 36 h from commencing the administration of a

50 % galactose diet [31]. It seems that osmotic

damage first occurs in the lens epithelial cells where

the highest concentration of aldose reductase is

found. In another study [32], a significant and

ascertained correlation was found between the

increased glucose concentration in aqueous humor

and the larger cell area as well as the smaller

nucleus–plasma ratio in diabetic patients with a

clinically clear lens. In conclusion, the enlargement

of lens epithelial cell seems to be the first sign of

hyperglycemic damage which leads to the progres-

sive decline of mean cell density.

Several studies have investigated the impact of

diabetes in the lens epithelium function. Aqueous

humor contains glucose at the same levels as in the

blood. It was observed very clearly that glucose uptake

occurs in the lenses even after the removal of the

capsule and the epithelium. Also, the capacity to

transport glucose is compared at both the anterior as

well as the posterior faces of the lens. Oxidative

phosphorylation consumed glucose transported via

glucose transporters (GLUT) into the epithelium.

Human lens epithelial cells accumulate large amounts

of polyol when exposed to high galactose in culture.

Osmotic stress imposed by sorbitol accumulation in

the ocular lens has long been suggested to be the major

cause of diabetic cataract [33, 34]. Under hyper-

glycemic conditions, sorbitol is formed from the

reduction of glucose by the enzyme aldose reductase

(AR) of the polyol pathway. Experiments through

transgenic mice overexpressing AR to various levels

specifically in lens have demonstrated that the rate of

diabetic cataract formation is proportional to the level

of AR and sorbitol in the lens [35]. Introducing a

mutation that blocks the conversion of sorbitol to

fructose into these transgenic mice led to a greater

accumulation of sorbitol in their lenses and faster

development of diabetic cataract. Since diabetic

cataract can be prevented by aldose reductase

inhibitors (ARIs), the polyol pathway and the sorbitol

accumulation were implicated as the major culprit of

this complication [36].

Chung et al. [37, 38], postulated that polyol

pathway seems to be the major contributor to the

generation of hyperglycemic oxidative stress in the

ocular lens, in addition to osmotic stress. Despite the

fact that AR-mediated oxidative insults by itself is not

sufficient to be a causative factor in diabetic cataract, it

seems that the chronic oxidative insults from the

polyol pathway activities could be a more important

contributing factor. This hyperglycemia-induced

oxidative stress is also likely to play an important

role in the development of diabetic complications in

tissues where sorbitol accumulation is far below than

that observed in cataractous lens to pose any osmotic

stress.

Related to the fact that the highest level of AR is

found in the lens epithelium, the entire human lens

presents a limited AR activity and it is not capable of

accumulating substantial quantities of polyol in dia-

betic. Based on the whole lens, the sorbitol found in

diabetic human lens would not appear to be enough to

have an osmotic affect. However, if the sorbitol is

confined primarily in the epithelial layer, regional

swelling of this area with concomitant functional

consequences is conceivable.

Further surveys from Chung et all determined that

chronic oxidative stress impaired the osmoregulatory

mechanism of the lens [39]. This was not evident until

modest increases in lens sorbitol increased the demand

of its osmoregulatory function. This osmoregulatory

dysfunction model is supported by the fact that the

activity of Na?/K?-ATPase, the key regulator of

cellular ions and water balance, was dramatically

reduced in the precataractous lenses of the SDH-

deficient mice, and that treatment with vitamin E

prevented the loss of Na?/K?-ATPase activity. This

osmoregulatory dysfunction model might explain why

diabetic patients who control their blood glucose

moderately well are still susceptible to develop cataract.

Another study with sorbitol dehydrogenase inhibi-

tor showed the interaction between osmotic and

oxidative stress in diabetic precataractous lens [40].

These data determined that sorbitol accumulation and

osmotic stress generated oxidative stress in diabetic

lens, whereas the contribution of ‘‘pseudohypoxia’’

[increase in NADH/NAD?, similar to that in hypoxic

tissues, and attributed to increased sorbitol dehydro-

genase activity] was minor.

Int Ophthalmol (2016) 36:147–158 155

123



As diabetic complications are associated with

hypoglycemia and hyperglycemia, Shinohara et all

[41] investigated the effect of both glucose deprivation

and hyperglycemia on the induction of endoplasmic

reticulum (ER) stress and the subsequent activation of

the unfolded protein response (UPR) that results in

apoptosis in in vitro-cultured lens epithelial cells

(LECs) and in vivo cataract formation in galactose-fed

rats. This study demonstrated a common underlying

mechanism for galactosemic and diabetic cataracts

with similar biochemical changes and alterations in

structural integrity. The UPR that is induced by

abnormally high or low concentrations of sugar is

linked to the production of reactive oxygen species

(ROS), increased apoptosis in LECs, and cataract

formation. The inhibition of the UPR induction by

aldose reductase inhibitor (ARI) suggests that osmotic

stress may be the primary inducer of the UPR.

Modulation of the UPR pathways may offer novel

methods for the development of therapeutic tools to

delay cataracts.

Furthermore, in vivo and in vitro experiments have

suggested that the decreased lens epithelial cell density

observed in diabetes patients results from attenuated

cell growth and induction of apoptosis [42, 43].

In our study, we confirmed the damaging effect of

hyperglycaemia in lens epithelium and its impact on

cataractogenesis by demonstrating that the diabetic

patients with cataract presented a lower mean cell

density, a larger cell area, and a smaller nucleus–

plasma ratio compared with non-diabetics with clear

lens.

The present study identified similarities in cyto-

morphometric characteristics between corneal

endothelial and lens epithelial cells in correlation with

age, cataract, and diabetes type 2. A number of no-

contact specular microscopy studies [44–46] deter-

mined that in younger subjects the endothelial cell

density (ECD) of cornea was statistically higher with

smaller cell area and regular hexagonal shape. In

healthy eyes of both sexes, the number of corneal

endothelial cells decreased at a rate of approximately

0.5 % per year which is comparable with the corre-

sponding rate of lens epithelia. In contrary, there was

no difference in ECD between both sexes even though

in males the corneal endothelium cells were of more

regular hexagonal shape. The regression analysis

revealed a statistically significant age-related decrease

in ECD with concomitant increase in cell area. On the

contrary, the variation in cell size and percentage of

regular hexagonal cells are not dependent on age. The

data from these studies emphasize that age, but not

gender, is the main determinant of ECD. Lee et al. [47]

evaluated the differences of corneal endothelial mor-

phology in diabetes compared with age-matched

healthy control subjects and according to the duration

of diabetes. No-contact specular microscopy revealed

that diabetic patients had less cell density and

hexagonality with more irregular cell size of the

corneal endothelium than did the controls. Those

patients with diabetic duration of over 10 years had

lower ECD with more corneal morphological abnor-

malities—especially the coefficient of variation in cell

size—compared with the normal subjects. The above-

mentionedmirrors our study’s conclusion over the role

of diabetes in lens epithelium damage which is

significantly correlated with the increased fasting

blood sugar and HbA1c, the prolonged duration of

diabetes, and finally the co-existence of DR.

Taken together all results from this study, we

evaluate the great importance that anterior lens

epithelium plays in the maintenance of lens’ trans-

parency. These cells would also be useful for the assay

of inhibitory drugs to prevent primary and secondary

cataract formation, eye-related toxicology studies, and

development of specific cell markers and immunodi-

agnostic tests useful for clinical assessment of cataract

development.
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32. Tkachov SI, Lautenschläger C, Ehrich D, Struck HG (2006)

Changes in the lens epithelium with respect to cataracto-

genesis: light microscopic and Scheimpflug densitometric

analysis of the cataractous and the clear lens of diabetics and

non-diabetics. Graefes Arch Clin Exp Ophthalmol 244(5):

596–602

33. Kinoshita JH, Merola LO, Dimak E (1962) Osmotic chan-

ges in experimental galactose cataract. Exp Eye Res

1:405–410 (CrossRefMedline)
34. Kinoshita JH, Merola LO, Satoh K, Dimak E (1962) Osmotic

changes caused by the accumulation of dulcitol in the lenses

of rats fed with galactose. Nature (Lond) 194:1085–1087

35. Lee AY, Chung SK, Chung SS (1995) Demonstration that

polyol accumulation is responsible for diabetic cataract by

the use of transgenic mice expressing the aldose reductase

gene in the lens. Proc Natl Acad Sci USA 92:2780–2784

36. Dvornik E, Simard Duquesne N, Krami M, Sestanj K,

Gabbay KH, Kinoshita JH, Varma SD, Merola LO (1973)

Polyol accumulation in galactosemic and diabetic rats:

control by an aldose reductase inhibitor. Science 182:1146–

1148

37. Chung SS, Ho EC, Lam KS, Chung SK (2003) Contribution

of polyol pathway to diabetes-induced oxidative stress.

J Am Soc Nephrol 14(8 Suppl 3):S233–S236 (Review)
38. LeeAY,Chung SS (1999)Contributions of polyol pathway to

oxidative stress in diabetic cataract. FASEB J 13(1):23–30

39. Chan AW, Ho YS, Chung SK, Chung SS (2008) Synergistic

effect of osmotic and oxidative stress in slow-developing

cataract formation. Exp Eye Res 87(5):454–461

40. Obrosova IG, Fathallah L, Lang HJ (1999) Interaction

between osmotic and oxidative stress in diabetic pre-

cataractous lens: studies with a sorbitol dehydrogenase

inhibitor. Biochem Pharmacol 58(12):1945–1954

41. Shinohara Y, Imajo K, Yonder M, Tomeno W, Ogawa Y,

Kirikoshi H, Funakoshi K, Ikeda M, Kato N, Nakajima A,

Saito S (2013) Unfolded protein response pathways regulate

Hepatitis C virus replication via modulation of autophagy.

Biochem Biophys Res Commun 432(2):326–332

42. Kim B, Kim SY, Chung SK (2012) Changes in apoptosis

factors in lens epithelial cells of cataract patients with dia-

betes mellitus. J Cataract Refract Surg 38(8):1376–1381

43. Takamura Y, Sugimoto Y, Kubo E et al (2001) Immuno-

histochemical study of apoptosis of lens epithelial cells in

human and diabetic rat cataracts. Jpn J Ophthalmol

45:559–563

44. Galgauskas S, Norvydait_e D, Krasauskait_e D, Stech S,
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