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Thermal stability of collagen in relation to non-enzymatic glycosylation

and browning in vitro
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Summary. Thermal stability measured by isometric contrac-
tion-relaxation force was examined in rat tail tendons after in-
cubation in vitro in glucose or hydroxymethylfurfurale solu-
tions at pH 7.4 using buffer systems of either phosphate or tris
(hydroxymethyl)aminomethan. In the phosphate system, in-
cubation with glucose (170 mmol/l) for 12 days was found to
increase the thermal stability of the tendons by a factor 3. At
the same time, glucose was found to be attached to the lysine
and hydroxylysine residues of collagen, and reactive carbonyl
compounds were formed in the solution. In the tris(hydroxy-
methyl)aminomethan system containing reactive amino
groups (pK 8.1), glucose was also attached to the lysine and
hydroxylysine residues, but only very small amounts of reac-
tive carbonyl compounds were formed in the solutions and no
changes in thermal stability were recorded. Incubation with
hydroxymethylfurfurale itself was found to increase the ther-

mal stability rapidly and markedly in the phosphate buffer
systems. This effect was inhibited when the tris(hydroxy-
methyl)aminomethan buffer system was used. Buffer solu-
tions with tris(hydroxymethyl)aminomethan, containing large
amounts of free amino groups compared to the free amino
groups of collagen, might interfere with the formation of
cross-links formed by carbonyl groups derived from metabol-
ic glucose and amino groups of collagen. The non-enzymatic
glycosylation of lysine and hydroxylysine itself does not influ-
ence the thermal stability. Additional reactions appeared to be
transformation into reactive carbonyl compounds, such as hy-
droxymethylfurfurale, with subsequent formation of thermal-
ly stable cross-links between the collagen molecules.

Key words: Collagen, thermal stability, non-enzymatic glyco-
sylation, browning reaction.

In recent years it has been well documented that several
proteins are glycosylated non-enzymatically, and that
such glycosylation of proteins is increased in patients
with diabetes mellitus and in animals with experimental
diabetes [1}. Changes in the functional properties of
proteins caused by this glycosylation might be of impor-
tance for the etiology of the complications in diabetes
mellitus [1, 2].

Collagenous proteins play important roles in the
function of several tissues. They are especially exposed
to non-enzymatic glycosylation, because they contain
several lysine and hydroxylysine residues with free &-
amino groups, have a very slow turnover rate [3], and
are exposed to ambient levels of extracellular glucose.

The solvability of collagen is reduced in skin from
diabetic patients [5] and in rat tail tendons [6]. The me-
chanical stiffness is increased in the skin and tail ten-
dons of rats [7-9]. The thermal stability of rat tail ten-
dons is increased [8, 10]. These changes in the biophys-
ical properties have been attributed to the non-enzymat-
ic glycosylation of the tissue collagenous proteins, sup-
ported by in vitro studies of the thermal stability of ten-

dons incubated with glucose [10, 11}. The mechanism of
this increase in the stability and alteration in the bio-
physical properties of the tissues, however, is not clarifi-
ed. An increase in thermally stable cross-links between
the collagen molecules would be expected.

Storage of non-enzymatically glycosylated proteins
results in formation of compounds with highly reactive
carbonyl groups [12, 13]. One of these compounds is
5-hydroxymethylfurfurale (HMF), which is known to
condense with amino groups forming carbonyl protein
polymers called melanoidins (Maillard or non-enzy-
matic browning reaction). These browning reaction
products have recently been detected in increased
amounts in the dura mater collagen of patients with dia-
betes mellitus [14], and after in vitro non-enzymatical
glycosylation of rat tail tendon where the thermal stabil-
ity was enhanced [15], supporting the hypothesis that
these compounds may be involved in formation of
cross-links between collagenous proteins, resulting in
alterations in the tissue functions. The purpose of the
present study was to elucidate the changes in the bio-
physical properties of collagen induced by in vitro incu-
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Fig.1a-d. Thermal isometric
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contraction-relaxation curves from rat tail
tendons after in vitro incubation. Tension
values are normalized to mg wet wt./cm tendon
length and plotted against time. Mean values
+ SEM are given. a Incubation in phosphate
buffer systems with and without glucose for

2 and 12 days respectively: (] glucose in
phosphate for 12 days; (Jff) phosphate for

12 days; () glucose in phosphate for 2 days;
() phosphate for 2 days. b Incubation in Tris
buffer systems with and without glucose for

12 days: (0) glucose in Tris; () Tris.
¢ Incubation in phosphate buffer systems with
and without hydroxymethylfurfurale (0.2 mM,
2mM and 20 mM) for 2 days: (@) HMF

20 mmol/1 in phosphate; (O) HMF 2 mmol/1
in phosphate; { @) HMF 0.2 mmol/l;( @ )
phosphate. d Incubation in Tris buffer systems
with and without hydroxymethylfurfurale

(2 mM) for 2 days: (A) HMF in Tris; (V) Tris

1 2

Time {(min)

bation with glucose or hydroxymethylfurfurale. The ex-
tent of reactive carbonyl compounds formed in the glu-
cose solutions used was determined. Two buffer systems
were used, a phosphate buffer and a tris(hydroxy-
methyl)Jaminomethan (Tris) buffer system. The phos-
phate buffer system was not expected to interfere with
the reactions. In contrast the Tris buffer system might
_ inhibit the formation of cross-links between the ¢-ami-
no groups of collagen and the carbonyl groups of the
transformed glucose molecules, because the Tris buffer
contains large amounts of free amino groups compared
to the free amino groups of collagen.

Materials and methods

Animals

Tail tendons from 28 male Wistar rats aged 140-145 days were used.
The rats were killed by an overdose of nembutal (125 mg/kg body wt.)
and the tails were removed and stored at —20 °C in airtight contain-
ers until testing.

1 2

Time {min)

Thermal isometric contraction-relaxation

Single tendon fibres were pulled from the proximal end of the tail,
wrapped in plastic film and kept in airtight containers. The wet weight
and length of each tendon were determined. Each tail contained ap-
proximately 25 tendons suitable for experimentation. In each of the
following groups five or six tendons from each of four or six animals
were tested as follows:

Tendons from six rats were divided into four groups and incubat-
ed for 12 days in glucose and buffer (pH 7.4): 1) glucose (170 mmol/1)
in phosphate (50 mmol/1), 2) glucose (170 mmol/1) in Tris (70 mmol/
1), 3) phosphate (50 mmol/1) and 4) Tris (70 mmol/1).

Tail tendons from four rats were divided into four groups and in-
cubated for 2 days in HMF and buffer (pH 7.4): 1) HMF (0.2 mmol/1)
in phosphate (50mmol/1), 2) HMF (20mmol/l) in phosphate
(50 mmol/1), 3) HMF (20 mmol/]) in phosphate (50 mmol/1) and
4) phosphate (50 mmol/1).

Tail tendons from six rats were divided into four groups and incu-
bated for 2 days in glucose or HMF and buffer (pH 7.4): 1) glucose
(170 mmol/1) in phosphate (50 mmol/1), 2) phosphate (50 mmol/1),
3) HMF (2.0 mmol/1) in Ttis (70 mmol/1) and 4) Tris (70 mmol/1).

One group of tail tendons from six rats was tested immediately
after thawing.
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Osmolarity at 300 mmol/1 was achieved by adding the necessary
NaCl to the solutions. Penicillin (300,000 1U/1), Neomycinsulphate
(100 mg/1) and Nystatin (50,000 units/1) were added to prevent bacte-
rial and fungal contamination. pH was adjusted at 7.4. Incubation
was performed at 29 °C and each tendon was kept in its own chamber
with about 100 ml solution. Each chamber was intensively shaken the
first day of incubation and shaken 2 or 3 times the following days. At
the end of the incubation the pH of the solutions was measured and
each tendon was extensively washed in a buffered Ringer’s solution.

The thermal stability of the rat tail tendons was measured as iso-
metric contraction-relaxation force when the tendons were immersed
in a buffered Ringer’s solution at 62 °C. A measuring apparatus ac-
cording to Viidik [17] was used and the force was continuously re-
corded against time on a strip chart recorder (Hewlett Packard,
7100 BM). The force obtained was read into a calculator by a digitizer
(Hewlett Packard 9830 A) and was normalized to mg wet weight/cm
tendon length. Based on these data mean curves with SEM were cal-
culated.

The formation of reactive carbonyl compounds in the solution
during incubation was assessed by measuring their reaction with thio-
barbituric acid (TBA). These reactions depend on pH and tempera-
ture and the measurement was performed in accordance with Keeney
and Bassette [18]. Four ml of the incubated solution was added 1 ml
TBA (50 mmol/1), oxalic acid and trichloroacetic acid to final concen-
trations of 0.3 mol/1 and 0.5 mol/1, respectively. After 30 min at 40 °C,
the absorbance at 443 nm was measured. HMF (one of the reactive
carbonyl compounds) was applied as a standard. Also, the optical
density of the incubated solutions was determined at 284 nm. HMF
has a maximal absorbance at this wavelength and was used as stan-
dard.

Reducible hexosyl-lysines and cross-links

The amount of glucose attached to the collagen through the £-amino
groups of lysine and hydroxylysine was determined by reduction of
the collagen fibers with tritiated potassium-borohydride as described

in [20-22]. Two probes from each group were analyzed and each
probe contained the tendons from three rats. The tendons were
washed extensively, immersed in physiological saline and reduced by
adding a solution of KB*H,. After 1h the solution was acidified to
pH 4.0 and dialyzed against water for 48 h.

The probes were then freeze-dried and hydrolyzed with HC1 (6 N).
The hydrolysates were submitted to ion-exchange chromatography
and the reducible hexosyl-lysines were identified by the elution posi-
tions of the radioactive peaks, representing their reduced forms. Rele-
vant fractions were rechromatographied on an extended basic column
of an amino acid analyzer (Beckman 120C) [21].

Statistical analysis

When achieving normal distribution and homogeneity of variances,
analysis of variances and Student’s t-test were performed, else statisti-
cal analysis employing Kruskal-Wallis nonparametric test followed
by Wilcoxons two sample tests were used [19]. p <0.05 was consid-
ered as statistically significant.

Results

Data from the thermal isometric contraction-relaxation
experiment of tendons incubated in glucose and phos-
phate buffer or glucose and Tris buffer are presented in
Figure 1a and b. Incubation in glucose buffered with
phosphate increased the contraction force after 2 days,
and very pronouncedly after 12 days of incubation. In-
cubation with glucose in Tris buffer did not influence
the thermal stability after 12 days of incubation. Incuba-
tion with HMF in phosphate buffer also increased the
contraction force of tendons, and the resulting relax-
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Table 1. Amount of reactive carbonyl compounds formed in the dif-
ferent incubation solutions after 12 days of incubation. The data are
converted into pmol/1 by using HMF as standard system

Solutions Absorption at Absorption
443 nm after at 284 nm
reaction with TBA
(umol/1) (umol/1)

Phosphate (50 mmol/1) 1 1

Tris (70 mmol/1) 2 1

Phosphate (50 mmol/1) 7 11

+ glucose (170 mmol/1)

Tris (70 mmol/1) 2 3

+ Glucose (170 mmol/1)

ation was retarded (Fig. 1 c). This increased stability was
correlated to the concentration of HMF. The influence
of HMF in concentrations of 2mmol/l could be pre-
vented by Tris buffer (Fig. 1d). Incubation itself resulted
in an increase in the stability. This in vitro effect was
similar in the two buffer systems used. At the end of the
incubations, the pH of the solutions ranged between 7.2
and 7.4. The pattern of reducible hexosyl-lysines and
collagen cross-links eluted by the ion-exchange chro-
matography is given in Figure 2. The radioactive peaks
of glucosyl-hydroxylysine (pA), glucosyl-lysine (Al) and
its acid degradation product (A2) are the products of
non-enzymatic glycosylation of collagen. The hydroxyl-
ysinonorleucine (B) is a reducible aldimine cross-link of
collagen. Also, the histidinohydroxymerodesmosine
(C), an artefact of the reduction procedure [23], is
shown.

The amounts of hexosyl-hydroxylysine and hexosyl-
lysine of the tendon collagen were increased after incu-
bation with phosphate buffer and glucose, as well as af-
ter incubation with Tris buffer and glucose, but the gly-
cosylation was more pronounced when the phosphate
buffer system was used (Fig.2). No difference in reduc-
ible cross-link formation was found in relation to glu-
cose incubation. The variation of double determina-
tions of the tritium activity of these peaks was about 4%.

Under incubation in glucose phosphate buffer sys-
tem, reactive carbonyl compounds were formed. The
amounts measured by their reaction to TBA at the end
of incubation is shown in Table 1. About three quarters
of the material recorded by ultraviolet spectrophotome-
try was found by this TBA-reactive method.

Discussion

Collagen shrinks when exposed to heat as a result of the
breakdown of the ordered crystalline structure of the
collagen to a preferred random coil state [24]. When col-
lagenous tissue specimens are heated under isometric
conditions, there is a quick increase in tension up to a
point of maximum tension, after which a gradual relax-
ation follows. In isometric thermal contraction-relax-
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ation experiments on rat tail tendons, it has been shown
that the maximum tension becomes increased and the
following relaxation less pronounced with age [8, 25].
The decrease in relaxation of tissue with age has been
attributed to an increase in thermally stable cross-links
of the collagen [26].

The present study shows that the thermal stability of
collagen fibres incubated in the phosphate buffered glu-
cose solution is increased, at the same time as an in-
creased non-enzymatic glycosylation of their lysine and
hydroxylysine residues is observed. Incubation in a Tris
buffered glucose solution also results in an increased
glycosylation of the lysine and hydroxylysine residues
of collagen fibres, but with no change in the thermal sta-
bility. No differences in the thermal stability of collagen
fibres were observed after incubation in the two buffer
systems without glucose. These results indicate that the
alterations in the thermal stability of collagen fibres are
not simply caused by increased non-enzymatic glyco-
sylation. Additional reactions must be involved. Tris
buffer seems to interfere with these reactions, inhibiting
the formation of thermally stable cross-links between
the collagen molecules.

It is known that glycosylation and subsequent cross-
linking occur in food proteins that are stored in the
presence of sugars, and are due to the Maillard or non-
enzymatic browning reaction [13, 18]. Glucose, for ex-
ample, is bound non-enzymatically to free amino
groups of proteins. An Amadori rearrangement follows
with the formation of a more stable l-amino-l-deoxy-
fructose, which may then undergo a series of dehydra-
tions, forming among other products the Schiff base of
HMF[1, 13}. Occurrence of similar reactions in proteins
with slow turnover rates, such as collagen, lens crystal-
lines and myelin, influencing the function of tissues,
have been hypothesized [1]. Compounds similar to
those of the non-enzymatic browning reactions have
been detected in collagen from the dura mater of aged
and diabetic individuals [14] and in rat tail tendons after
non-enzymatical glycosylation in vitro [15]. In the pre-
sent study, incubation in vitro of collagen fibres with
HMF resulted in a rapid and marked increase in ther-
mal stability, supporting the hypothesis that this com-
pound may be involved in the formation of thermally
stable collagen cross-links. The major collagen type of
tendons is Type I collagen, which contains about 35 ly-
sine and hydroxylysine residues per 1000 aminoacid
residues [27], with g-amino groups, which may partici-
pate in the cross-linking reaction, for example by for-
mation of bonds to the carbonyl groups of HMF.

In conclusion, the data show that glycosylation per
se does not alter the thermal stability of collagen fibres,
and support the hypothesis that non-enzymatic glyco-
sylation of collagen, followed by transformations into
reactive carbonyl compounds and formation of ther-
mally stable cross-links between the collagen molecules,
results in changes in the functional properties of con-
nective tissues in patients with diabetes and in animals
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with experimental diabetes [1, 2, 28, 29]. The importance
of studies of these cross-linking mechanisms of collagen
is not limited to long-term complications of diabetes.
An increase in the amount of hexosyl-lysines of colla-
gen is also seen with age [21]. At the same time, a de-
crease in reducible collagen cross-links is observed with
age and an increase in thermal stability of collagenous
tissues, the latter indicating a subsequent formation of
thermally stable cross-links. These cross-linking reac-
tions of proteins might be important factors in the pro-
cess of aging of tissue proteins.
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