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Abstract

Non-enzymatic glycation of proteins is a consequence of hyperglycemia in diabetes and correlates with aging. The aim of the study was to

investigate age-related changes in the glycation of human aortic elastin in healthy subjects by two approaches: (1) assessment by fluorescence

method of formed in vivo advanced glycation end products (AGEs) of elastins, purified from human aortas, obtained from different age

groups; (2) in vitro glycation of elastins from different age groups and investigation of their capacity to form early (by colorimetric nitroblue

tetrazolium method) and AGEs (fluorescence method). Human insoluble elastins were prepared from macro- and microscopic unaltered

regions of thoracic aortas, obtained from 68 accident victims, distributed in 15 age-groups, using the method of Starcher and Galione. Soluble

a-elastins were obtained by the method of Partridge et al. The direct assessment of Maillard reaction related fluorescence in the age groups

showed increase of the fluorescence with age. The ‘young’ elastin had the highest capacity to form both fructosamine and AGEs under

glycation in vitro. The glycation of ‘old’ elastin did not increase markedly during the incubation. These results are consistent with the

interpretation that because of its long biological half-life, elastin is susceptible to the slow process of glycation and the following

modifications would contribute to the age-related changes of connective tissue.

q 2003 Elsevier Inc. All rights reserved.
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1. Introduction

In 1912, Maillard established the non-enzymatic reaction

of reducing sugars with amino groups of amino acids,

leading to the formation of complex brown pigments

(Maillard and Gautier, 1912). In the mid-1970s, the

Maillard reaction has been assumed important in vivo and

the first studies were focused on hemoglobin A1c

(HbA1c) — an adduct of glucose with the b-chain of

hemoglobin, elevated in diabetes. The significance of the

late-stage Maillard processes as mediators of the compli-

cations of diabetes was recognized around 1980 (Bunn,

1979). It is now well known that the non-enzymatic

glycation of long-lived proteins includes three types of

reactions (Monnier et al., 1992): (a) early Maillard

reactions — resulting in the formation of Schiff bases and

their conversion to Amadori product (fructosamine);

(b) intermediate Maillard reactions—formation of reactive

free a-dicarbonyl glyoxal compounds (Thornalley et al.,

1999), able to cross-link proteins; (c) late Maillard

reactions — formation of cross-links from glycated protein,

known as advanced glycation end products, or AGEs

(Bucala et al., 1992). AGE cross-links detected in vivo

could be fluorescent (pentosidine (Sell et al., 1991), cross-

links (Obayashi et al., 1996) and vesperlysines (Tessier

et al., 1999)) and non-fluorescent (imidazolium dilysine

cross-links (Odani et al., 1998), pyrralyne cross-links,

a-amino acid amide cross-links (Lederer et al., 1998),

etc.). In vivo, AGEs are formed by oxidative and non-

oxidative reactions, including not only glycation, but also

glucoxidation with glucose auto-oxidation and the polyol

pathway (Niwa, 1999).

The increased non-enzymatic glycation of proteins is a

consequence of hyperglycemia in diabetes and correlates

with the severity of diabetic complications (Vlassara et al.,

1986; Vishwanath et al., 1986). The tissue accumulation

of AGEs alters the structure and functions of long-lived

proteins by two pathways: directly (cross-linking, polym-

erization, decreased sensitivity to enzyme degradation

(Eble et al., 1983; Shnider and Kohn, 1981), trapping of

plasma proteins (Brownlee et al., 1988), etc.) and
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indirectly via AGE-specific receptors and cell-mediated

interactions (Yang et al., 1991; Horii et al., 1992; Peake

et al., 1989; Kirstein et al., 1990; Vlassara et al., 1994;

Skolnik et al., 1991).

In 1985, Cerami proposed a hypothesis for the biological

role of glucose as a mediator of aging (Cerami, 1985).

According to a later, combined theory, age-related changes

are induced by the action of free radicals and Maillard

reactions (Kristal and Bung, 1992). Proteins with long life

spans serve as cumulators of exposure to chemical damage,

resulting in formation of advanced glycation and lipoxida-

tion end products. The two main structural proteins of the

body — collagen and elastin, are primarily involved in the

tissue aging by intermolecular cross-linking and side-chain

modifications. Non-enzymatic glycation of human elastin is

still not an object of extensive study. Studies carried out on

animal models have demonstrated an age-dependent increase

in AGEs of aortic elastin (Brüel and Oxlund, 1996). In

humans, the possible role of increased elastin glycoxidation

and lipid peroxidation for the atherogenesis has been studied

in hemodialysis patients (Yamamoto et al., 2002). In our

previous studies, we reported methods for in vitro glycation,

biochemical and immunological characterization of glycated

human aortic a-elastin (Baydanoff et al., 1994, 1996). To

date, there have not been investigations on the glycation of

human elastin with aging, in healthy subjects.

The aim of this study was to investigate age-related

changes in the glycation of human aortic elastin in healthy

subjects. In this connection, we used two approaches: (1)

assessment of formed in vivo AGEs of elastins, purified

from aortas, obtained from different age groups; (2) study of

the capacity of different aged-elastins to form early

(fructosamine) and AGEs (fluorescent AGE cross-links)

under glycation in vitro.

2. Materials and methods

2.1. Preparation of human aortic elastins

Human insoluble elastins were prepared from macro- and

microscopic unaltered regions of thoracic aortas, obtained

from 68 accident victims, distributed in 15 age-groups

(Table 1), using the method of Starcher and Galione, (1976).

Amino acid analysis of the purified elastin (7th group)

showed quantitative similarity to the proteins purified by

others (Starcher and Galione, 1976) and the lack of

methionine suggested a low level of contamination. Soluble

a-elastin was obtained by the method of Partridge et al.

(1955). Protein content of every sample was determined by

measurement of the absorption of UV light at 280 nm

wavelength and calculation according to a standard curve,

constructed on the basis of different dilutions of lyophilized

a-elastin from 7th aged-group.

2.2. Methods for assessment of glycation

1. Direct determination of AGEs formed in vivo: the

fluorescence (FC) of the samples of a-elastins, purified from

the 15 age-groups was measured as an index of advanced

glycation (Baydanoff et al., 1994; Monnier et al., 1984). For

FC estimation, 1.0 ml aliquot of the samples, diluted 1:3

with distilled water was placed in a 1 cm2 quartz cuvette and

Maillard reaction related fluorescence at 440 nm upon

excitation of 365 nm was measured. Quinic sulfate (Fluka)

1 mmol/l in 0.1N H2SO4 was used as a standard. AGE levels

were expressed as arbitrary fluorescence units per mg of

protein.

2. Investigation of the capacity of a-elastins from

different aged-groups to form early and AGEs:

(A) In vitro glycation of a-elastins. a-Elastins

(0.7 mg/ml) from 1st (less than 5 years), 7th (31–35

years) and 14th (66–70 years) age-groups were incubated

with 100 mmol/l glucose in 0.2 M phosphate buffer, pH 7.8,

containing 0.04% NaN3, at 37 8C for 30 days (Baydanoff

et al., 1994). Controls-(a-elastins from the 1st, 7th and 14th

age-groups), were set at the same conditions of incubations

but without glucose.

(B) Assessment of early glycation products (Amadori

products, fructosamine). Colorimetric method with nitro-

blue tetrazolium (NBT) for determination of fructosamine

in glycated human a-elastin (Baydanoff et al., 1994;

Johnson et al., 1982). The NBT colorimetric procedure is

based upon the reducing ability of fructosamine in alkaline

solution. Incubated samples (200 ml) were added to 2 ml

carbonate buffer, pH 10.8, containing 0.25 mmol/l NBT, at

37 8C and the absorbance of the mixtures measured after

5 and 10 min. The incubation times were selected after

performing reaction kinetics on two samples. The absor-

bance differences (DE) of every sample were measured

3 times and the average established. A stabilized solution of

glycated human serum — Precimat (Boehringer Mannheim,

Table 1

Aged-groups of the purified human aortic a-elastins

Age group Age (years) No. of aortas

1 Under 5 3

2 6–10 3

3 11–15 4

4 16–20 5

5 21–25 5

6 26–30 5

7 31–35 6

8 36–40 5

9 41–45 5

10 46–50 6

11 51–55 4

12 56–60 5

13 61–65 5

14 66–70 4

15 Above 70 3
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Mannheim, Germany), containing 344 mmol/l fructosa-

mine, served as a standard. The glycation of the elastins

was expressed as mmol fructosamine per g protein. The

testing of the three incubated samples was performed every

day from 1st to 15th after the beginning of incubation.

(C) Assessment of AGEs of the three incubated aged-

samples and their controls (incubated without glucose) was

performed by the described fluorescence method from day 1

to day 30 after the beginning of incubation. The fluor-

escence difference (sample FC 2 control FC) for each day

was calculated.

2.3. Statistical analysis

The correlation between age and AGEs formed in vivo

(fluorescence of the aged-groups) was evaluated by Pearson

correlation coefficient. The results from the in vitro

formation of fructosamine and AGEs in the three aged-

groups were compared by the Kruskal–Wallis test because

of the non-parametric distribution of the data.

3. Results

In Fig. 1, the results from the direct estimation of FC in

the 15 aged groups of aortic a-elastins are shown. Samples

from the first two groups (1st and 2nd) showed similar

fluorescence — 7.24 and 7.53 arbitrary fluorescence units

per mg of elastin. Samples from the last two aged groups

(14th and 15th) showed the highest values — 23.97 and

22.82 arbitrary fluorescence units per mg of protein.

The fluorescence in the remaining groups tended to increase

with age, demonstrated also by increase of fluorescence with

aging calculated in percent of the 1st group. Pearson

correlation coefficient was calculated to evaluate the

significance of the correlation between the age and

fluorescence of the probes. A highly significant correlation

(r ¼ 0:944; p , 0:0001) was established.

The capacity of three aged-groups a-elastins (1st, 7th and

14th) to form fructosamine under glycation in vitro is shown

in Fig. 2. The fructosamine content has been established to

be dependent on the length of incubation and reached

equilibrium in a given time after the beginning of

incubation. Even placed in the same conditions (elastin

content and glucose concentration), the three probes showed

different fructosamine formation in vitro. The highest value

of fructosamine was found for group 1 — 0.48 mmol

fructosamine/g elastin on day 2nd, intermediate — for

group 7 (0.35, day 3rd) and lowest — for group 14 (0.22,

day 3rd). After reaching the highest value, fructosamine

levels in all groups tended to decrease with time of

incubation, probably because of the formation of AGEs.

The statistical significance of differences between the

means of fructosamine content of the three groups was

calculated by Kruskal–Wallis test (Table 2) and showed

significant differences in the fructosamine formation during

the incubation period between the aged-groups.

The fructosamine content of the controls (samples of the

same groups a-elastins incubated in the same conditions but

without glucose) did not change during the incubation

period and was 0.048 mmol/g (1st group), 0.09 mmol/g (7th

group) and 0.023 mmol/g (14th group).

Fig. 1. Maillard reaction related fluorescence (arbitrary units/mg protein) detected in 15 aged groups of human aortic a-elastins and increase of fluorescence

with aging calculated in percent of the 1st group.
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The capacity for in vitro formation of fluorescent AGEs

cross-links during a 30-day period of incubation was

established by the estimated FC of the three a-elastin

samples. Results are presented as the fluorescence differ-

ences (in arbitrary fluorescence units per mg of elastin)

between the glycated probes and their controls for each day

of the incubation (Fig. 3). The highest difference between a

probe and control (16.3) was achieved for group 1 on day 22

after the beginning of incubation, followed by 8.9 for group

7 when the plateau was reached. For group 14, only 2.02

difference in arbitrary fluorescence units per mg of elastin

was achieved during the period of incubation.

Kruskal–Wallis test applied for the calculated differ-

ences between the FC of probes and their controls for each

day of incubation showed significant differences between

the three aged-groups (Table 3).

4. Discussion

Elastin is an unusual biological substance. It is one of the

most hydrophobic polypeptides, the least soluble protein in

the body and extremely durable, lasting the lifetime of the

organism. Elastin is an essential mechanical component of

many tissues including arterial wall, skin and lung. It could

be considered a polymer of linear polypeptide chains

(tropoelastin) stabilized by lysine-derived cross-links, such

as desmosine, isodesmosine, dehidrolysinonorleucine, or

lysinonorleucine. The soluble precursor of elastin has a

lysine content of about 40 residues/1000 amino acid

residues. Quantitative studies of the known cross-links

account for only about 30 of the residues probably including

the few lysines that remain intact in adult elastin. It has been

suggested that the discrepancy indicates occurrence of

another form of lysine-derived cross-links (Paz et al., 1976).

The phenomenon of non-enzymatic glycation — by which

glucose can directly condense with free amino groups on

lysine residues or the N-terminal amino acids of proteins —

is one of the main mechanisms of aging of long-lived

proteins. Our previous study confirmed by three colorimetric

and one fluorescence method that human aortic a-elastin is

able to form early and AGEs under glycation in vitro

(Baydanoff et al., 1996). Glycation in vitro has been reported

also for rat aortic elastin (Tomizawa et al., 1993). We

supposed that because of its very long biological half-life,

elastin is susceptible to the slow process of glycation and the

formation of stable, irreversible AGEs would be relevant for

the aging process of connective tissue.

In this study, we investigated age-related changes in the

glycation of human aortic elastins from healthy subjects.

The direct assessment of Maillard reaction related fluor-

escence in the aged-groups showed increase with age,

especially after the age of 66. Fluorescence of the last, 15th

group was 215% (or 3.15 times) higher than those of the 1st

group. These results suggest increase of non-enzymatic

Fig. 2. In vitro glycation of a-elastins from the three aged-groups, measured by the NBT method, expressed as mmol fructosamine per mg protein.

Table 2

Kruskal–Wallis test of the results from fructosamine in vitro formation

Aged-group

1st M ¼ 0.3045, SEM ¼ 0.0192

7th M ¼ 0.2382, SEM ¼ 0.0012

14th M ¼ 0.1630, SEM ¼ 0.0078

Kruskal–Wallis test x 2 ¼ 29.18, df ¼ 2, p , 0.001.
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glycation with aging, even in normoglycemia, and are in

agreement with the demonstration of age-dependent glyca-

tion of rat aortic elastin (Brüel and Oxlund, 1996). Most

probably in both — humans and animals, it is due to the life-

long exposure to glucose.

To confirm age-related differences in the glycation of

elastin, we investigated the capacity of three age-groups to

form in vitro fructosamine and fluorescent AGEs. In both

experiments, a-elastin from the 14th group showed the

lowest capacity to form either fructosamine or AGEs. This

is probably due to the fact that most of the free lysine

residues have already been involved in AGEs cross-links.

The fluorescence of the ‘young’ elastin (group 1), when

incubated with glucose, increased with 16.3 fluorescence

units, compared to the control. This value is comparable

with the value we would obtain if we calculate the

fluorescence difference between 14th group and 1st

group — 15.58 fluorescent units (in the direct determi-

nation). Thus, the results of in vitro glycation experiments

are in agreement with the results obtained from the direct

AGEs determination. We can conclude then, that with

aging, an increasing amount of free lysine residue becomes

involved in AGEs cross-links and therefore, the ‘old’ elastin

poorly forms new fructosamine and AGEs under in vitro

glycation.

At this stage, we could not explain the fluorescence

registered for the 1st and 2nd group. One possible reason

could be the existence of another type of cross-link with

similar excitation and fluorescence wavelength. Even if we

assume the fluorescence registered in groups 1 and 2 is a

‘fluorescent background’, the increase of fluorescence with

age is a fact. Another possible explanation could be the

hypothesis that glycation is a normal post-translational

modification of proteins and occurs not only in diabetes and

aging, but also in normoglycemia, at the beginning of

individual life. The glycation products could be under

homeostatic control and therefore, do not have any

pathogenic effects. We could further speculate that AGE-

specific receptors and anti-AGEs antibodies established in

healthy subjects (Baydanoff et al., 1996), are perhaps

homeostatic components which take part in the recognition,

binding and removal of glycated structures. This way

glycation could stimulate the renewal and remodeling of

extra-cellular matrix. However, when it is increased (in

diabetes and aging), the capacity of normal homeostasis

seems to be inefficient. This would lead to accumulation of

AGEs, which contributes to development of long-term

diabetic complications and aging process.

In our opinion, these preliminary results confirm that

non-enzymatic glycation of elastin in non-diabetic con-

ditions is an age-dependent process. More studies are

necessary to establish the role of glycation, both in the

physiological turnover and aging of the elastin molecule.

Fig. 3. Difference between fluorescence of a-elastins from the 1st, 7th, and 14th aged-groups, incubated with 100 mmol/l glucose and their controls (incubated

without glucose) during the 30-day period of in vitro glycation.

Table 3

Kruskal–Wallis test analysis of the results from the formation of AGEs in

vitro (applied for the differences between FC of probes and controls)

Aged-group

1st M ¼ 9.93, SEM ¼ 1.12

7th M ¼ 4.74, SEM ¼ 0.59

14th M ¼ 1.52, SEM ¼ 0.13

Kruskal–Wallis test x 2 ¼ 30.62, df ¼ 2, p , 0.001.
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