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Abstract

Aims/hypothesis. With ageing the long-lived proteins
of the human lens undergo denaturation by non-enzy-
matic glycation. The denaturated proteins are fluores-
cent, a property that can be assessed in vivo by fluo-
rometry. Our aim was to examine the relative contri-
bution of hereditary and environmental effects on the
accumulation of fluorescent compounds in the lens.
Methods. We examined 59 monozygotic and 55 dizy-
gotic healthy twin pairs recruited from a population-
based register of twins. Lens autofluorescence was
measured on the undilated eye. All subjects underwent
an OGTT and information on smoking habits was ob-
tained. The genetic and environmental effects were es-
timated by structural equation modelling.

Results. Lens autofluorescence was related to age
(R2=53%), current glucose homeostasis (R2=10%) and
smoking habits (R2=10%). After adjusting for these
factors, interindividual variation in lens autofluores-

cence was statistically attributable to hereditary fac-
tors by approximately 28% as well as shared environ-
ment by 58% and non-shared environment by 14%.
The hereditary factor seems not to be linked to a ge-
netic predisposition to diabetes.
Conclusion/interpretation. The correlation in lens
fluorescence was greater in monozygotic twins than
dizygotic twins indicating a genetically predeter-
mined susceptibility for the accumulation of fluor-
ophores in the lens, the relative importance of which
was found to increase with age. Since fluorophore
formation in the lens is attributable to non-enzymatic
glycation our results support that genetic characteris-
tics to some degree determine the susceptibility to
glycation related diabetes complications and ageing
processes. [Diabetologia (2002) 45:1457-1462]
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The crystalline lens of the eye is an infolded ectoder-
mal structure. Its function of forming an image on the
retina requires an optically clear internal structure.
This is obtained by specialized cells with a high con-
tent of densely packed proteins with no apparent turn-
over. With time these proteins are subject to physio-
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logical denaturation in parallel with that observed in
other tissues [1], resulting in an age-related reduction
of the transmission of light to the retina [2] and ulti-
mately impaired visual acuity.

The denaturation process leads to the formation of
yellow, fluorescent, insoluble, high molecular weight
protein aggregates [3]. In vitro [1] and in vivo studies
in animals [4] and humans [5] have shown that the de-
naturation is caused by non-enzymatic glycation of
lens proteins.

The fluorescence of aged lens proteins can be as-
sessed in vivo by non-invasive quantitative fluorome-
try. Lens autofluorescence is increased in diabetic sub-
jects [6] and there is a relation between the long-term
glycaemia and the value of lens fluorescence in hu-
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mans [7]. Previous studies have indicated that lens
autofluorescence could have a potential for use in
population screening for Type II (non-insulin-depen-
dent) diabetes mellitus [8]. However, a considerable
interindividual variation between subjects of the same
age and glucose metabolic status remains to be ex-
plained.

The present twin study was undertaken to disent-
angle the genetic and environmental influences on
lens fluorescence. Because monozygotic twins are ge-
netically identical and dizygotic twins genetically are
no more similar than ordinary siblings, who on aver-
age share 50% of their genes, any greater similarity
between monozygotic than dizygotic twins could be
attributed to genetic factors. The wider scope of the
study was to identify mechanisms underlying the vari-
ation in susceptibility to glycation-related diabetic
complications in general.

Subjects and methods

Subjects. We examined 59 monozygotic twin pairs and 55 di-
zygotic same-sex twin pairs, aged 20 to 46 years. Subjects
were recruited from the Danish Twin Registry which is a popu-
lation-based register comprising twins born in Denmark be-
tween 1870 and 1996 [9]. Only subjects in self-assessed good
health were invited to participate. Exclusion criteria were cata-
ract or other opacities of the refractive media within 2 mm of
the optical axis of the eye. All participants gave informed con-
sent according to the Helsinki Declaration. The study was ap-
proved by the regional ethics committee and followed the te-
nets of the Helsinki Declaration.

Clinical examination. All subjects had an ophthalmological ex-
amination including refractioning, visual acuity determination,
slittamp biomicroscopy, and fundus photography. An oral glu-
cose tolerance test (OGTT) was administered using 75 g glu-
cose after a 12 h overnight fast. Blood glucose was assessed at
0, 30, and 120 min on whole (capillary) blood samples. Deter-
mination of zygosity was based on genetic markers using 9 mi-
crosatellite and RFLP markers. Subjects were asked about life-
long smoking habits. Consumption was assessed in units of
pack years, equalling 20 cigarettes per day for one year. Infor-
mation on diabetes mellitus in first and second degree relatives
was obtained.

Ocular fluorometry. Lens fluorescence was measured without
artificial pupil dilation along the optical axis of the eye using
an ocular fluorometer (Fluorotron, Ocumetrics, San Jose,
Calif., USA) fitted with an anterior segment adaptor. Fluores-
cence was measured in intervals of 0.125 mm giving detailed
information on the lens. Excitation was at 430-490 nm and de-
tection at 530-630 nm. Lens fluorescence was calculated as
the mean of six values obtained at the anterior lens peak, three
from each eye. A computer program by van Best and Larsen
(Leiden NL, Copenhagen DK, version 4.6) was used to correct
for loss of light due to absorption as described by another
study [10]. Measurements were calibrated to an external fluo-
rescein solution. Fluorescence values are reported in fluores-
cein equivalents (ng f-eq/ml).

Statistical procedures. In order to evaluate the relative impor-
tance of genetic and environmental influences on lens autoflu-

L. Kessel et al.: Lens ageing as an indicator of tissue damage associated

1 MZ, | DZ

1 MZ, Y DZ

I MZ,'2 DZ

LF LF
Twin A Twin B

Fig. 1. Path diagram for the structural equation modelling. In-
terindividual variation in lens fluorescence could be attribut-
able to genetic factors, both additive (A) and non-additive (D),
and environmental factors, both those shared by the twins in a
pair (C) and those unique to an individual (E). Additive and
non-additive genetic effects correlate at 1.0 in MZ pairs. For
DZ pairs a correlation of 0.5 is found for additive genetic ef-
fects whereas it is 0.25 for non-additive genetic effects. Lens
fluorescence values entered into the models were corrected for
the effect of age, glucose metabolism (OGTT at 120 minutes),
and smoking habits

orescence structural equation modelling was used to fit differ-
ent models to the observed data under a number of standard as-
sumptions, i.e. no gene-environment interaction, random mat-
ing and equal intra-pairwise environment in monozygotic
(MZ) and dizygotic (DZ) twin pairs.

The structural equation modelling approach is based on
classical biometric analysis of data. The underlying assump-
tion is that the variance of a phenotype (Vp) can be divided in-
to two components, the genotypic variance and the environ-
mental variance. The genotypic variance can be subdivided in-
to two variances, i.e. the variance due to additive genetic ef-
fects (V) and the variance due to non-additive genetic effects
(Vp). The additive genetic effects are the effects of genes taken
singly and added over multiple loci. The non-additive genetic
effects are the effects due to intralocus and interlocus gene
interactions. Environmental variance is divided into effects
shared by individuals (V) and effects not shared by individu-
als (Vp), including random error. The shared environmental ef-
fects contributes to the phenotypic similarity between individ-
uals and non-shared environmental effects contributes to dis-
similarity. The term heritability (h2) is used to describe the pro-
portion of the interindividual variation in lens fluorescence at-
tributable to genetic factors, i.e. h2=V ,/Vy.

Univariate structural equation modelling was carried out by
means of the MX software computer program [11]. The fol-
lowing models were fitted to the data: an ACE model, includ-
ing additive genetic factors, shared and non-shared environ-
ment. The simpler AE and CE models, which assumes that all
similarity is a result of additive genetic or shared environmen-
tal factors only. Furthermore, two models including non-addi-
tive genetic effects were included, the ADE and DE models.
The criteria for best fitting model was Akaike’s information
criterion (AIC), goodness-of-fit chi-square test and root mean
square error approximation (RMSEA). The model with the
lowest negative AIC reflects the best balance between good-
ness-of-fit and parsimony. The RMSEA statistics should be
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lower than 0.05 for very good fit or between 0.05 and 0.1 for
good fit. The variance components were derived from the
models. A path diagram for the structural equation modelling
is given in Fig. 1.

Lens autofluorescence data were transformed into logarith-
mic values to obtain a normal distribution. All fluorescence
values reported have been back-transformed to mean values
and 95% confidence interval (95% CI). Before lens autofluo-
rescence data was used in the structural equation modelling the
data were adjusted for age, smoking and blood-glucose and the
residuals of a multiple regression analysis comprising these
factors (eq. 1) were entered into the models. Correlations be-
tween lens autofluorescence and various factors, such as age,
glucose metabolism, and smoking habits, were calculated us-
ing Pearsons correlation coefficient. Hypothesis testing was
carried out using the Student’s 7 test with a significance level
of 0.05, except if data were not normally distributed, then a
non-parametric equivalent was used (Mann-Whitney U test).
Comparison of more than two groups was done using an analy-
sis of variance and the p-values corrected according to the
Bonferroni method. Apart from the genetic analyses, all statis-
tical procedures were carried out using a SyStat computer soft-
ware (version 7.0 for Windows).

Results

Lens fluorescence. Lens autofluorescence (LF) was re-
lated to an individual’s age (A), smoking habits (pack
years) (S) and glucose metabolism, measured as 2-h
OGTT (G) response (eq. 1, p<0.001), together these
factors were found to account for 60% (adjusted R?)
of the variation in lens autofluorescence between indi-
viduals:

LFiog10 = 0.016A +0.0055 +0.025G — 1.730 (D

Age was the single most important factor for lens au-
tofluorescence, accounting for 53% (R2) of the varia-
tion (Table 1). The 2-h OGTT response was found to
be closer correlated to lens autofluorescence values
than fasting blood glucose. There was no effect of sex
on lens fluorescence values, 283.1 (128.2, 625.2) for
males versus 290.4 (129.1, 653.1) for females, mean
(95% CI), p=0.64. Lens autofluorescence showed no
correlation to body mass index (p=0.5) or blood lipids
(HDL, VLDL, and triglycerides, p values >0.1) except
for cholesterol (p=0.009). An association was found
for lens fluorescence and diastolic blood pressure
(p=0.001) but not for systolic blood pressure (p=0.4).

Smoking was linearly associated with increased
lens autofluorescence, p<0.001, and the association
did not change after a correction for the effect of age
by a multiple regression analysis, p<0.001. Smokers
had fluorescence values of 305.5 (132.1, 706.3) versus
274.2 (128.2, 586.1) for non-smokers, mean (95%
CI), p=0.044, and smoking was found to account for
10% (R2) of the variation in lens fluorescence (Fig. 2).
The difference between smokers and non-smokers was
not related to differences in age or in the 2-h OGTT-
response for which there was no difference (p=0.2 and
p=0.7, for age and 2-h OGTT respectively).
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Fig. 2. Lens fluorescence (ng f-eq/ml) in relation to smoking
habits (only smokers are shown). The lens fluorescence values
presented in the graph are not corrected for the effect of age. A
linear regression line has been drawn to show the relation be-
tween lens fluorescence and lifelong smoking habits

Table 1. The correlation between lens fluorescence and co-
factors

Pearsons correlation coefficient p value
(95% confidence interval)

Age 0.73 (0.66, 0.79) <0.001
Pack years 0.31 (0.20, 0.43) <0.001
2-h OGTT 0.31 (0.18, 0.42) <0.001
Fasting blood glucose 0.15 (-0.02, 0.27) 0.03
concentration

Heritability of lens autofluorescence. No difference
was found between the monozygotic and the dizygotic
twins in age, glucose metabolism, sex, or smoking
habits (Table 2).

The similarity within the MZ twin pairs was found
to be greater than within the DZ twin pairs (Fig. 3).
For the MZ twins lens autofluorescence values (cor-
rected for the effect of age, OGTT and smoking) of
twin A and twin B showed a correlation of 0.84 (95%
CI: 0.78, 0.89), for the DZ twins the correlation was
0.68 (0.51, 0.74). The structural equation modelling
resulted in two significant models: an ACE model,
comprising additive genetic effects and shared and
non-shared environmental effects, and a CE model,
comprising environmental effects only (Table 3). A
likelihood-ratio test was used to compare the ACE and
CE model to find out whether the additive genetic ef-
fects, A, could be omitted. However, the additive ge-
netic effects were significant and could not be elimi-
nated from the model (yx2=7.13, d.f.=1, p<0.008).
Thus, interindividual variation in lens autofluores-
cence can be subdivided into the three components of
the ACE model: additive genetic effects (the heritabil-
ity, h2) account for 28% of the variation, shared envi-
ronment for 58% and non-shared environment for
14%.

Dividing the twins into a young (<36 years) and old
group (=37 years) showed a higher additive genetic ef-
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Table 2. Clinical data for the monozygotic and dizygotic twins
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Monozygotic twins

Dizygotic twins p value (Students ¢ test)

Sex (women/men) 64/54
Smokers/non-smokers 47/71
Age in years 35.1(7.5)

Lens fluorescence (ng f-eq/ml)

Fasting-glucose (mmol/l) 4.9 (0.5)
2-h OGTT (mmol/l) 6.1 (1.3)
Smoking in pack years 3.4(5.6)
Mean arterial blood pressure (mmHg) 85.3 (10.0)
BMI (kg/m2) 23.3 (4.0)

280.5 (134.9, 583.4)

64/46
52/58
35.1(7.1) 0.94
295.1 (123.6, 704.7) 0.34
4.8 (0.4) 0.99
6.1(1.3) 0.86
5.1(7.7) 0.14a
86.3 (8.6) 0.39
23.9 (3.6) 0.25

aMann-Witney U test was used as the numbers of pack years
do not follow a normal distribution

Table 3. The result of the structural equation modelling

Numbers are given in mean (SD), except for lens fluorescence
values that are given in mean (95% confidence interval) after
backtransformation from logarithmic values and sex and smok-
ing status that are given in actual numbers

Model  AIC x2 af  p RMSEA a2 D2 2 e2
ACE -6.00 0 3 1 0 0.28 0 0.58 0.14
(0.08, 0.55) (0.32,0.75)  (0.09,0.22)
ADE 721 1321 3 0.004  0.17 0.86 0(0.0,023) 0 0.14
(0.63, 0.90) (0.10, 0.21)
AE 521 1321 4 0.01 0.14 0.86 0 0 0.14
(0.80, 0.90) (0.10, 0.21)
CE -0.87 713 4 0.13 0.11 0 0 0.78 0.22
(0.71,0.84)  (0.16,0.29)
DE 20.75 2875 4 0 0.22 0 0.86 0 0.14
(0.79, 0.90) (0.10,0.21)
E 11424 12424 5 0 0.62 0 0 0 1

Models comprising combinations of genetic effects, both addi-
tive (A) and non-additive (D), and environmental effects, both
shared (C) and non-shared (E), were tested. The proportion of
the total variation in lens fluorescence attributable to additive

fect in the old age group, 42% (95% CI: 12, 64%) ver-
sus 18% (8, 38%). Furthermore, the effect of the shared
environment was reduced, 47% (3, 73%) in the older
twins versus 80% (59, 90%) in the younger twins. The
effect of non-shared environment was negligible.

Lens fluorescence was strongly age-dependent and
as it is related to advanced glycation end products,
formed by non-enzymatic glycation on proteins by
glucose or glycotoxins in tobacco smoke, lens fluores-
cence values were adjusted for the effect of these fac-
tors before being entered into the structural equation
modelling above. Carrying out the structural equation
modelling on lens autofluorescence values not correct-
ed for the effect of age, glucose metabolism and
smoking habits resulted in one model that fitted the
data: the ACE model. For the uncorrected data addi-
tive genetic effects was found to account for 22%
(95% CI: 12, 37%), shared environment for 74% (58,
84%), and non-shared environment for 4% (3, 7%) of
the interindividual variation in lens fluorescence.

genetic factors (the heritability, a2), non-additive genetic fac-
tors (D2), shared environment (c2) and non-shared environment
(e2) are presented with 95% confidence intervals

Diabetes. Five twins were found to have diabetes
(WHO 1998 criteria [12]) based on either the fasting
blood glucose or the 2-h OGTT value. No twin ful-
filled both criteria and none had had symptoms of dia-
betes prior to the study. The five diabetic twins were
included in the statistical analysis.

A family history of diabetes in one or more first de-
gree relatives was found in 16 pairs and diabetes in
second degree relatives in 12 pairs. The remaining 86
twin pairs had no known family history of diabetes.
Family history of diabetes (both Type I and II diabe-
tes) did not influence lens autofluorescence with val-
ues of 286.4 (130.9, 626.6) (mean (95% CI)) for the
twins without diabetic relatives versus 263.6 (120.5,
576.8) for twins with first degree diabetic relatives
and 331.1 (134.3, 816.6) for twins with second degree
relatives (p values >0.05, analysis of variance with
Bonferroni correction). The groups were of the same
age and 2-h OGTT-response.
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Fig. 3A, B. Lens fluorescence values shown in ng f-eq/ml
(not corrected for the effect of age, 2-hour OGTT or smoking
habits) for the monozygotic (A) and the dizygotic (B) twins.
The value of twin A is plotted against the value of twin B

Discussion

We have examined a type of slow tissue degeneration
that is strongly related to diabetes and its long term
complications [13] and causes fluorophore accumula-
tion in the lens. We have found that it is partly deter-
mined by genetic factors unrelated to current glucose
metabolic status or family history of diabetes. The
process is accelerated by tobacco smoking. Our find-
ing could help account for the known variation in sus-
ceptibility to hyperglycaemia induced tissue and organ
damage in diabetic patients, a variation that can not be
fully explained by the statistical association to long-
term hyperglycaemia and hypertension. This study in-
dicates that a genetic variation in susceptibility to
nonenzymatic glycation could explain at least some of
the residual variation in the frequency and severity of
diabetes.

We found the variation in lens autofluorescence to
be a result of the combined effect of additive genetic
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factors and both shared and non-shared environmental
factors. We did not find support for an effect of non-
additive genetic factors which was to be expected
based on the high correlation coefficients of both the
monozygotic and dizygotic twins. The predominant
part of the variation in lens autofluorescence was at-
tributable to shared environmental effects.

The shared environmental effects were surprisingly
large in this study and must be attributed to the young
age of the twins and the influence of common child-
hood and possible intra-uterine exposures. We showed
a strong correlation between lens autofluorescence and
smoking and though the effect of active smoking was
accounted for in the analysis, some of the shared envi-
ronmental effects could be attributable to growing up
in a smoking or non-smoking family. Intake of antioxi-
dants have been linked to a decreased risk for develop-
ing cataract [14, 15]; thus, childhood dietary habits
could also contribute to the effect of shared environ-
ment. Intrauterine factors, such as growth retardation,
are known to be important for development of insulin
resistance and glucose intolerance in adults [16] and
could thus exert an effect on lens autofluorescence in
this group of adult twins through the ability to form ad-
vanced glycation end products. The hypothesis that
common foetal and childhood exposures are important
for the amount of fluorophores in the lens of young
adults is supported by the observation that the effect of
shared environment was reduced in older twins where-
as the additive genetic effects became more prominent.

Other aspects of lens ageing have been studied in a
genetic perspective [17, 18]. These studies showed
that nuclear cataract, as assessed by subjective visual
grading, was related to genetic factors by 35% and
48% in the two studies respectively. Although herita-
bility is population specific the overall conclusion is
that lens ageing, both the subclinical type examined in
this study and cataract-related, is to some degree in-
fluenced by genetic factors.

Although modest in size, the genetic effects in our
study were statistically significant and of potential
clinical relevance. Fluorophore formation in the lens
is believed to originate from non-enzymatic glycation
of lens proteins. Hypothetically, the genetic influence
could be caused by variations in the activity of en-
zymes modulating the glycated proteins as it has been
observed in non-mammalian species [19, 20]. A study
showed that longevity in mammalian species was
closely related to the rate of formation of advanced
glycation end products and that species able to with-
stand the tissue damage caused by non-enzymatic
glycation had longer life-spans [21]. Taken together,
these studies offer support for the idea that the ageing
process is related to the formation of advanced glyca-
tion end products and that the rate of formation is in-
fluenced by genetic factors.

The concerted effect of glucose and smoking pro-
vides additional clues to the mechanisms involved in
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lens yellowing and formation of advanced glycation
end products. Substances in tobacco smoke can induce
advanced glycation end products identical to those
formed by glucose [22] and the amount of advanced
glycation end products is increased in the lenses and
blood of smokers irrespective of diabetes [22, 23].
Smoking has previously been implicated in the patho-
genesis of macrovascular complications in Type II di-
abetic patients [24]. Our result indicate that the effect
could be mediated through tissue damage due to non-
enzymatic protein denaturation.
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