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Aminoguanidine treatment reduces the increase in collagen stability
of rats with experimental diabetes mellitus
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Summary. Alterations in the biophysical properties of con-
nective tissues in diabetes mellitus have been attributed to
the nonenzymatic glycation of the collagens and the sub-
sequent formation of browning products, cross-linking the
proteins. Aminoguanidine may bind to carbonyl groups of
these nonenzymatic glycation products and thereby block
the process. Rats with streptozotocin-induced diabetes
were treated with aminoguanidine, 25 mg-kg-*-day~!, for
120 days. The aminoguanidine treatment did not counteract
the increase in blood glucose concentrations, nor did it pre-
vent the arrest in weight gain of diabetic rats. The increased
stability in 7 mol/l urea and increased tensile strength of tail
tendons from the diabetic rats, however, were prevented by
the aminoguanidine treatment. Aminoguanidine did not re-
duce the formation of early nonenzymatic glycation products

(aldimine and Amadori rearrangement products), whereas
the amount of browning products (fluorescent compounds)
was reduced in the tail tendon collagen of the diabetic rats.
Aminoguanidine treatment of intact rats did not influence
these parameters. These findings indicate that the biophysi-
cal alterations of collagens induced by experimental diabetes
are caused by cross-links derived from the nonenzymatic gly-
cation, and furthermore, that aminoguanidine treatment
may prevent the concomitant changes in biophysical proper-
ties of connective tissues.

Key words: Diabetes mellitus, nonenzymatic glycation, col-
lagen, aminoguanidine, collagen cross-links, browning pro-
ducts, advanced glycation end-products.

Abnormally high glucose levels over a period of many
years, as sometimes found in diabetic patients, may result
in impaired function of tissues. The cause of these compli-
cations seems to be multifactorial. One of the factors may
be the nonenzymatic glycation and subsequent formation
of browning products resulting in irreversibly cross-linked
proteins [1-4]. Such alterations would be expected to af-
fect the biomechanical properties of connective tissues,
because collagens are long-lived proteins which possess
g-amino groups of lysyl and hydroxylysyl residues. In-
creased biomechanical strength of collagens has been
found in vitro after incubation of rat tail tendons with glu-
cose [5-8] and in vivo in animals with experimental
diabetes [9, 10]. In a recent study we found a marked in-
crease in the stiffness of the aortic tissue taken outside
areas of atherosclerosis in diabetic subjects [11]. It has
been reported that the nucleophilic hydrazine compound
aminoguanidine may inhibit the formation of cross-link-
ing products derived from the nonenzymatic glycation
[12,13]. Aminoguanidine is believed to block the reactive
carbonyl groups of the nonenzymatic glycation products

(Fig.1).

The mechanical strength and stability of newly syn-
thesized collagen fibrils, however, are dependent on the
formation of covalent cross-links between the collagen
molecules, and these cross-links involve enzymatic reac-
tions. The initial step of their formation is the oxidative
deamination of specific lysine and hydroxylysine residues
resulting in aldehyde groups which can condense with the
g-amino groups of the lysine and hydroxylysine residues,
and with histidine residues of adjacent molecules. The
condensation products can be detected by reduction with
tritiated borohydride, acid hydrolysis and amino acid
analysis. The two major reduced compounds that can be
isolated from rat tail tendon collagen are hydroxylysino-
norleucine (HLNL) and histidinohydroxymerodesmo-
sine (HHMD) [5-7,10].

The present experiment analyses changes in the sta-
bility and biomechanical properties, in the formation of
early nonenzymatic glycation and browning products and
in the reducible cross-links in collagen of rats with ex-
perimental diabetes. A group of diabetic rats was injected
daily with aminoguanidine in order to study if blockage of
the nonenzymatic glycation prevents the alterations in the
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Fig.1. Aminoguanidine inhibition of formation of browning cross-
linking compounds. Schematic representation of glucose binding to
g-amino groups of lysyl residues in protein, formation of an aldimine
group (Schiff base), the irreversible Amadori rearrangement and
subsequent dehydration steps resulting in browning products which
cross-link proteins. Aminoguanidine may bind to the reactive carbo-
nyl groups of the glycation products and block the formation of
cross-linking compounds (browning products)

biomechanical properties of collagenous fibres induced
by diabetes. Furthermore, a group of intact rats was
treated with aminoguanidine to evaluate if aminogua-
nidine by itself influences these parameters.

Materials and methods

Seventy-six male Wistar rats were used. At the start of the experi-
ment the rats were 90 days old. They were randomized into six
groups of 12-15 rats each (Table 1): (1) an intact control group,
(2) anisotonic NaCl (saline) control group, (3) a saline-injected dia-
betic group, (4) an aminoguanidine-treated diabetic group, (5) an
aminoguanidine-treated control group and (6) a food-restricted
group treated with saline. The duration of the experiment was
120 days.

Diabetes was induced by an intraperitoneal injection of strepto-
zotocin (55 mg- kg ~!). Blood glucose levels were determined during
the experimental period with blood from the cut end of the tails using
sticks (BN-test/BG, Boehringer-Mannheim, Mannheim, FRG) em-
ploying a reflectance meter (Hypo-count IT, Hypoguard Ltd., Wood-
bridge, UK). The two aminoguanidine-treated groups were injected
intraperitoneally with aminoguanidine, 25 mg-kg~'-day™, in iso-
tonic saline and the other groups, except for the intact control, were
injected daily with the same amount of isotonic saline. The weight
gain of diabetic ratsis arrested [14] and therefore, the food-restricted
group was included. The food-restricted rats were given a fixed
amount of rat pellets daily in order to achieve the same weight as the
diabetic rats injected with saline. At the end of the experiment, the
rats were killed with an overdose of pentobarbital. The tails were cut
off, wrapped airtight in plastic film and stored at - 80°C.

Stability of rat tail tendon collagen

The stability of rat tail tendons was studied by measuring the break-
ing time in 7 mol/l urea at 40°C using a modified method described
by Boros-Farkas and Everitt [15]. Briefly, single tendons were
pulled out from the tajl, wrapped quickly in parafilm, and the

weight and length of each tendon were determined. The tendon was
suspended by a clip, and a weight corresponding to 50 g per
mg-mm ™~ tendon was fastened by another clip to the other end of
the tendon. Then it was immersed in a glass tube containing a
7 mol/] urea solution at 40°C. The time until rupture of the tendon
was recorded. Four tendons from each rat were studied and a mean
breaking time calculated for each rat. The mean coefficient of vari-
ation was 17.2%.

Analysis of biomechanical properties

Single tendon fibres were wrapped quickly in parafilm, and the
weight and length were determined. During the test procedure they
were immersed in Ringer’s solution, pH 7.4, and mounted in a ma-
terials testing machine (TCT5, Lorentzen and Wettre, Stockholm,
Sweden) with a distance between the clamps of 10 mm. They were
stretched at a constant speed of 20 mm per min. Load-deformation
curves were obtained continuously and converted into “stress”-
strain curves as previously described (7, 16). “Stress” values were ex-
pressed as load values per mg wet weight per mm tendon. Strain
values were calculated as deformation values divided by the original
length of each sample, i.e. relative elongation. From these data the
following parameters were calculated: strain at maximum “stress”,
maximum “stress”, maximum stiffness, i. e. slope of the linear part of
the curve, and relative failure energy, i.e. integrated area under the
“stress”-strain curve from the starting point to the breaking point
(Fig.2). Six tendon fibres were analysed and used for calculation of a
mean curve for each rat.

Determination of hydroxyproline

Hydroxyproline was determined according to Stegeman and Stalder
[17] and expressed in ug per mm tendon length.

Reducible hexosyl-lysines and collagen cross-links

The amount of glucose attached to the collagen through the e-
amino groups of hydroxylysine and lysine was determined by re-
duction of the rat tail tendon collagen with tritiated potassium bo-
rohydride as previously described [5, 18-20]. Tail tendons from
each rat were washed extensively, immersed in phosphate buffered
physiological saline and reduced by adding a solution of tritiated
potassium borohydride. After 1 h at 21°C the solution was acidified

Table 1. Weight and blood glucose of diabetic rats treated with
aminoguanidine

Group Number Initial  Final Final
ofrats  weight weight blood
(8 (2 glucose
(mmol1)
Control rats 24 326 472 4.7
+3 5 +02
Diabetic rats 13 317 2952 20.8°
+4 13 +12
Diabetic rats 15 322 3242 22.1°
+ aminoguanidine 5 +12 +1.2
Control rats 12 328 456 4.6
+ aminoguanidine +5 +8 +0.2
Food-restricted rats 12 326 305° 3.9

+5 +5 +0.2

Mean values + SEM. °® p <0.01 vs control rat group
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Fig.2. Rattail tendons were analysed by means of a materials testing
machine. The diagram gives the typical “stress”-strain relationship
and parameters of maximum “stress” (tensile strength), strain at
maximum “stress” (extensibility) and tangent of the angle o giving
the maximum stiffness. N, Newton

to pH 4.0 and dialysed against water for 48 h. The samples were
then freeze-dried and hydrolysed in redistilled constant boiling
6 mol/l HCI by refluxing overnight. The hydroxyproline concentra-
tion of each hydrolysate was determined as described above. From
the remaining part of the hydrolysate the HCl was removed by
evaporation in vacuum, and equal amounts of the hydrolysate were
submitted to ion-exchange chromatography using pyridine/formate
buffers [18-22]. The fractions were collected and the tritium activ-
ity determined in a liquid scintillation counter. The reduced hexo-
syl-lysines and cross-linking compounds were identified by calibra-
tion of the column with standards of glucosyl-hydroxylysine,
glucosyl-lysine and dihydroxylysinonorleucine (DHLNL), HLNL
and HHMD. These standards were prepared from bone collagen,
collagen from rat tail tendons and collagen from rat tail tendons in-
cubated with glucose. Relevant peaks were re-chromatographed
using a sodium citrate buffer system [21]. The tritium activity of

each peak was expressed in relation to the hydroxyproline content
of the hydrolysate.

Fluorescent compounds

Homogenized samples of the tail tendons were washed in copious
amounts of phosphate buffered saline followed by distilled water
and precipitated by centrifugation (30,000 x g for 30 min). The sam-
ples were then suspended in a solution of 70% volume/volume
formic acid and bubbled through with nitrogen for 10 min. Solid
cyanogen bromide was added under nitrogen (ratio cyanogen bro-
mide/collagen was 1:1). The cyanogen bromide digests were stirred
at 30°Cfor 4 h, diluted ten-fold in distilled water, rotary evaporated,
taken up in 0.1 mol/l acetic acid and freeze-dried. The cyanogen bro-
mide peptides of each rat were dissolved in 50 mmol Tris-buffer,
pH 7.4, with 150 mmol CaCl,. The samples were centrifuged (30,000
x g for 30 min). The relative fluorescence of the supernatants was
measured by a spectrophotofluorometer (RF 540, Shimadzu, Japan)
at 425 nm (excitation at 370 nm). The fluorescence intensity of a
blank was subtracted. The hydroxyproline content in the superna-
tant and precipitate was measured as described above. The fluores-
cence intensity was expressed in relation to the hydroxyproline con-
centration of the supernatant. A mean value for the tail tendons of
each rat was calculated from triplicate determinations at three dif-
ferent dilutions of the supernatant.

Statistical analysis

Mean values + SEM were calculated for each rat and for groups of
rats. The data were analysed by using the Kruskal-Wallis test and the
non-paired Wilcoxon test [23]. Differences were regarded signifi-
cantif p < 0.05.

Results

No differences were found between the intact control and
saline control groups, and therefore they were merged
into a single control group of 24 rats. The body weight gain
of the control rats during the experimental period was
45% (Table 1). The diabetic animals did not gain weight
during the experiment and at killing their weight was re-

Table 2. Collagen content, stability and biomechanical parameters of tail tendons from diabetic rats treated with aminoguanidine

Group Collagen Stability; Strain at Maximum Maximum Relative
content breaking maximum “stress” stiffness failure
(Mg -mm~1) time “stress” energy
(min) (-) (N(mg-mm™)~)  (N(mg-mm~)"") (N(mg-mm~')"")
Control rats 30 28.4 0.16 222 2156 20.4
2 08 +0.01 +4 60 0.6
Diabeticrats 29 33.3° 0.17 246* ¢ 2227 27.0>¢
+2 +1.2 +0.01 +8 169 +15
Diabeticrats 26 29.2 0.17 219 1997 22.7
+ aminoguanidine +1 +1.0 +0.01 +6 +47 +12
Control rats 31 257 0.15 212 2014 18.8
+ aminoguanidine 2 +0.9 +0.01 +5 +75 1.0
Food-restricted rats 25 21.6>4¢ 015 213 2120 19.2
+2 +0.8 £0.01 +6 +80 +12

Mean values + SEM; N, newton; ° p <0.05 vs control rats; ° p <0.01 vs control rats; © p <0.05 vs diabetic rats + aminoguanidin;

4 p <0.01 vs diabeticrats
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Table 3. Tritiated borohydride reducible components of tail tendon
collagen from diabeticrats treated with aminoguanidine. Tritium ac-
tivity is normalized to amount of hydroxyproline (hyp)

Group Hexosyl- Hexosyl- Hydroxy- Histidino-
hydroxy- lysine lysino- hydroxy-
lysine (cpm/mg norleucine merodes-
(cpm/mg  hyp) (cpm/mg  mosine
hyp) hyp) (cpm/mg

hyp)

Control rats 115 284 455 431
+7 +13 +17 +18

Diabeticrats 410° 1006° 3377 403
35 +45 20 +9

Diabeticrats

+ amino- 355P 867° 310° 350

guanidine +40 +67 +20 +21

Control rats

+ amino- 124 330 418 413

guanidine +15 +67 +22 +27

Food-restricted 112 241 446 382

rats +7 +11 +22 +29

Mean values £ SEM;# p <0.01 vs control rats; ® p <0.001 vs con-
trol rats

duced by 7% of their initial body weight. At killing the
weight of diabetic rats treated with aminoguanidine did
not differ from that of the non-treated diabetic rats. The
weight of control rats treated with aminoguanidine did
not differ from that of the control group. Consequently,
aminoguanidine treatment did not prevent the weight
gain of non-diabetic rats nor did it affect the arrest of
weight gain of diabetic rats.

Blood glucose values at killing are givenin Table 1. The
diabetic rats had increased blood glucose levels. The ami-
noguanidine treatment did not affect the blood glucose
level in control rats nor did it affect the increased blood
glucose level in diabetic rats. No effects of the aminogua-
nidine treatment were observed on the well-being of the
rats.

The weight of the food-restricted rats at killing did not
differ from that of the diabetic rats. The food deprivation
resulted in a 17% reduction in the blood glucose level
when compared to the control rats.

The hydroxyproline content of the tail tendonsis given
in Table 2. No differences in the collagen content were
found between the groups.

The breaking time of the tail tendons in 7 mol/l urea at
40°C of diabetic rats was increased compared with that of
the control rats (Table 2). The breaking time of tail ten-
dons for aminoguanidine-treated diabetic rats did not dif-
fer from that of the control animals, nor did the breaking
time of tail tendons from control rats treated with amino-
guanidine. No significant difference in breaking time was
found between the diabetic groups with and without ami-
noguanidine treatment (p <0.07). The breaking time of
tail tendons from food-restricted rats was reduced com-
pared with that of the control, and compared with that of
the diabetic rats.

The biomechanical parameters of the tail tendons are
given in Table 2. Values of strain at maximum “stress” and
maximum stiffness did not differ between the groups.

The maximum “stress”, i.e. tensile strength, and
relative failure energy of tail tendons from diabetic rats
were increased both when compared with control rats and
diabetic rats treated with aminoguanidine.

The borohydride-reduced components of the tail ten-
don collagen are given in Table 3 and Figure 3. The
amounts of hexosyl-hydroxylysine and hexosyl-lysine,
representing products of the nonenzymatic glycation,
were markedly increased in tail tendons from diabetic rats
and diabetic rats treated with aminoguanidine compared
with that of the control rats. The amount of the reduced
collagen cross-link, HLNL, was decreased in tail tendon
collagen from diabetic rats and diabetic rats treated with
aminoguanidine. No difference was found in the amount
of HHMD. Aminoguanidine treatment of control rats did
not affect the amount of hexosyl-hydroxylysine, hexosyl-
lysine or HLNL of tail tendons collagen, indicating that
the aminoguanidine treatment did not affect the nonenzy-
matic glycation or formation of reducible cross-links of rat
tail tendon collagen in either control rats or in diabetic
rats. No alterations were found in the reducible compo-
nents of tail tendons collagen from food-restricted rats
compared with control rats.

The relative fluorescence of rat tail tendon collagen is
shown in Figure 4. The relative fluorescence was mar-
kedly increased in tail tendon collagen from diabetic rats
both when compared with control rats and diabetic rats
treated with aminoguanidine. A significant increase was
found in the relative fluorescence of tail tendon collagen
of diabetic rats treated with aminoguanidine compared
with control rats. No changes in the relative fluorescence
were found in tail tendon collagen from control rats
treated with aminoguanidine or food-restricted rats com-
pared with the control group. The cyanogen bromide
treatment resulted in solubilization of the tail tendon col-
lagen. Only 1-2% of the total hydroxyproline was found
in the pellet after centrifugation, and no differences in
the cyanogen bromide solubility were found between the
groups.
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Fig.3. Tritiated borohydride reducible components of rat tail ten-
don collagen were analysed by ion-exchange chromatography. pA,
hexosyl-hydroxylysine; Al, hexosyl-lysine; A2, hexosyl-lysine an-
hydride are products of the nonenzymatic glycation. B, hydroxy-
lysinonorleucine (HLNL) and C, histidinohydroxymerodesmosine
(HHMD) are collagen cross-links. The chromatograms represent
control rats (——) and diabetic rats (---). Tritium activity was nor-
malized to amount of hydroxyproline (hyp)
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Fig.4. Relative fluorescence of rat tail tendon collagen normalized
to amount of hydroxyproline (hyp) in the solution. C, control; D,
diabetic; D + A, diabetic rats treated with aminoguanidine; A, in-
tact rats treated with aminoguanidine and FR, food-restricted rats.
* p <0.001 against control rats; © p <0.001 against diabetic rats
treated with aminoguanidine

Discussion

The streptozotocin treatment induced a moderate
diabetes with blood glucose concentrations of 16—
26 mmol/l and an arrest of the body weight gain of the rats.
The aminoguanidine treatment of diabetic rats did not
counteract the increase in blood glucose concentrations,
nor did it prevent the arrest in weight gain. The group of
non-diabetic rats treated with aminoguanidine had blood
glucose concentrations and weight gain just as in the con-
trol rats. Therefore, the aminoguanidine treatment itself
did not seem to influence these parameters.

The stability and mechanical strength of tail tendons
from diabetic rats were increased, which is in agreement
with previous studies [9, 10]. The amount of hexosyl-
lysines (early glycation products) and fluorescent com-
pounds (browning products) expressed in relation to the
hydroxyproline content of the tail tendons were markedly
increased. The increased stability and mechanical
strength might be caused by the increased nonenzymatic
glycation and subsequent formation of cross-links derived
from the glucosyl-lysines, i.e. browning products, some of
which are fluorescent. This view is supported by studies on
the stability of collagen from rats with experimental
diabetes [24-26] and by studies of in vitro incubation of
rat tail tendons with glucose [5-8, 24, 27].

Diabetic rats treated with daily injections of aminogua-
nidine showed no increase in stability and mechanical
strength of their tail tendons when compared with the con-
trol rats. The nonenzymatic glycation of the collagen was
still markedly increased, while the amount of fluorescent
compounds in the collagen was reduced. Therefore, ami-
noguanidine treatment of diabetic rats reduces the forma-
tion of fluorescent compounds and prevents the alter-
ations in the biophysical properties of collagen. These
findings are in agreement with those of Brownlee et al.
[12]. They showed that aminoguanidine treatment
(25mg-kg~'-day™') of diabetic rats for 4 months pre-
vented the diabetes-induced formation of fluorescent ad-
vanced glycation end-products cross-linking the arterial
wall proteins.

Likewise, aminoguanidine has been shown to prevent
the accumulation of fluorescent compounds in rat skin
collagen [28] and collagen from renal basement mem-
branes [29]. Diabetic mice treated with an amino acid con-
sisting of a guanidino group on a carbon skeleton, also ex-
pected to block reactive carbonyle groups resulted in less
cross-linked collagen from renal basement membranes
[30]. The nonenzymatic glycation of matrix components
produced by renal mesangial cells in culture incubated
with glycolaldehyde or glucose-6-phosphate was pre-
vented by aminoguanidine [31]. This is in contrast to the
present in vivo study, in which aminoguanidine treatment
of diabetic rats did not prevent the nonenzymatic glyca-
tion of collagen, but still reduced the formation of fluores-
cent compounds and thereby the cross-linking of proteins.
Consequently, formation of browning products (advanced
glycation end-products) cannot be monitored by mea-
surement of the early nonenzymatic glycation products
(aldimine and Amadori rearrangement products). This
emphasizes the importance of elaborating a specific
method for determination of glucose-derived cross-link-
ing products in tissue samples.

Collagens are relatively long-lived proteins which are
located extracellularly and are therefore exposed to ele-
vated concentrations of glucose. It has been shown that
collagen from diabetic patients has decreased solubility
when treated with acid and pepsin [32, 33]. Kohn [34]
showed that insoluble collagen from patients with
diabetes released fewer peptides when treated with
cyanogen bromide, confirming the increased cross-linking
of collagen in diabetic subjects. Increased glycation of col-
lagen has been described [35-37] and accumulation of flu-
orescent compounds [37, 38] and it has been proposed that
these products of the nonenzymatic glycation form stabile
irreversible cross-links between the collagen molecules,
resulting in biomechanically rigid structures [1, 11, 37].

The therapeutic use of aminoguanidine as a treatment
for diabetic patients is under investigation [39, 40]. In any
case, aminoguanidine seems to be a useful drug in the fur-
ther study of a possible relation between increased non-
enzymatic glycation, cross-linking of proteins and devel-
opment of chronic complications.

The reducible collagen cross-link, HLNL, which is
found in rat tail tendon collagen, was present at lower le-
vels in diabetic rats and this decrease was not influenced
by the aminoguanidine treatment. HLNL stems mainly
from newly deposited collagen and this decrease there-
fore could be explained by a decreased collagen deposi-
tion in diabetic rats or by a decrease in the lysyl oxidase ac-
tivity. It has been shown in vitro that the activity of this
enzyme is decreased when the glucose concentration is
increased [41]. The reducible cross-link, HLNL, may be
coupled to a histidine residue in a neighbouring molecule
resulting in a mature stabile cross-link, HHLNL [42].
Theoretically, the reduced amount of HLNL, therefore,
might be caused by anincreased formation of HHLNL. At
present we do not know what causes this reduction in the
amount of HLNL in diabeticrats, but it seems likely that it
is caused by a reduced synthesis of collagen [43, 44]. No
differences were found in the mature collagen cross-link
HHMD.



24 H. Oxlund and T. T. Andreassen: Aminoguanidine prevents the increase in stability of collagen in diabetes

The food-restricted group was included in the experi-
ment because experimental diabetes is known to arrest
the weight gain of rats or even induce a weight loss. There-
fore, we included a control group which was food re-
stricted so as to achieve the same weight as the diabetic
group. Only one parameter of tail tendons from the food-
restricted group differed from those of the control group.
Consequently, the increased stability, strength, nonenzy-
matic glycation and fluorescence could not be explained
by a reduced weight gain of the rats.

The stability and mechanical strength of tail tendon
collagen from rats with moderate experimental diabetes
were increased accompanied by a marked increase in the
nonenzymatic glycation and increased content of fluores-
cent compounds of the collagen. Aminoguanidine treat-
ment seems to inhibit the formation of fluorescent com-
pounds derived from the nonenzymatic glycation
products and prevent the increase in stability and mechan-
ical strength which are observed in collagen from diabetic
rats. These findings indicate that the biophysical alter-
ations of collagen induced by experimental diabetes are
caused by cross-links derived from the nonenzymatic gly-
cation. Furthermore, we find that aminoguanidine is a
useful drug for future studies of a possible relation be-
tween nonenzymatic glycation, cross-linking of proteins
and development of chronic diabetic complications.
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