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Experimental Diabetes as
a Model of Accelerated Aging:
Matrix Collagen Modifications

Hizlandirilmis Yaglanma Modeli Olarak
Deneysel Diyabet:
Matriks Kollagen Modifikasyonlar:

ABSTRACT Collagen, the main protein of the extracellular matrix, undergoes continual cross-link-
ing during aging. In healthy individuals, this process is mediated by lysyl oxidase and proceeds
slowly. In addition to physiological maturation, aging collagens are crosslinked by AGEs (advanced
glycation end-products), formed by a reaction between reducing sugars and body proteins in a
process of non-enzymatic glycoxidation. These pathological processes are accelerated in diabetic in-
dividuals, whose average blood glucose is higher than normal. In our studies, rat tail tendon me-
chanical strength was significantly enhanced for diabetic animals when compared with those of
age-matched controls. Tail tendons from diabetic rats were found to contain elevated amounts of
p-dimethylaminobenzaldehyde-reactive material with an absorbance spectrum characteristic of
the Ehrlich chromogen. The characteristic glyco-fluorophore was elevated in tendon collagen of di-
abetic animals. The glycation inhibitor aminoguanidine significantly inhibited changes of all three
parameters evaluated while the pyridoindole antioxidant stobadine significantly decreased only
tendon mechanical strength.
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OZET Ekstraseliiler matriksin ana proteini olan kollagen yaslanma siirecinde devamli capraz
baglanma gecirmektedir. Saglikli kisilerde daha yavas ilerleyen bu siirece lizil oksidaz eslik
etmektedir. Fizyolojik tekamiile ilave olarak, yaslanmig kollagenler, indirgenmis sekerler ve
proteinler arasinda enzimatik olmayan gliko-oksidasyon reaksiyonlar ile sekillenen ileri glikasyon
son iriinleri (AGEs) tarafindan ¢arpaz baglanmaktadirlar. Bu patolojik siiregler diyabetli kisilerde
hiperglisemi sebebiyle hizlanmaktadir. Bizim ¢aligmalarimizda, sigan kuyruk tendonunun mekanik
direnme giicti diyabetik hayvanlarda kontrollere oranla anlamli olarak artmistir. Diyabetik
siganlarin kuyruk tendonlarinda p-dimetilaminobenzaldehit reaktif materyalinin miktarinin, Elrich
kromojeninin absorbans spectrum karakteristikleri ile, arttig1 bulunmustur. Karakteristik gliko-
florofor, diyabetik hayvanlarin tendon kollejenlerinde yiikselmistir. Pridoindol antioksidan stobadin
sican kuyruk tendonunun sadece mekanik direnme giiclinii azaltirken, glikasyon inhibit6ri
aminoguanidin, her ii¢ parametrede saptanan degisiklikleri anlamli olarak inhibe ettigi
gosterilmistir.

Anahtar Kelimeler: Kollagen, Yaslanma, Diyabet, Glikasyon, Antioksidan
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ollagen is the most abundant protein in the body making up about 25% to
35% of the whole-body protein content. Collagen fibers are a major compo-
nent of the extracellular matrix that supports most tissues including fascia,
cartilage, ligaments, tendons, bone and skin. Along with soft keratin, it is respon-
sible for skin strength and elasticity, and its degradation leads to wrinkles that ac-
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company aging. It strengthens blood vessels and plays a
role in tissue development. Age-related cross-linking of
collagen results in joint, myocardial and vascular stiff-
ness with corresponding pathological consequences.

The fundamental questions related to biochemistry
of collagen aging are: 1) What are the molecular mech-
anisms responsible for the age-related changes of matrix
collagen ? 2) Is there any chance to slow down these pro-
cesses ?

MATRIX COLLAGEN MODIFICATIONS
IN AGING AND DIABETES

An excursion to the history of aging biology would lead
us to Fritz Versar who is considered a founder of expe-
rimental gerontology. His fundamental experiments,
performed in the 1950s on aging of rat tail tendons, rep-
resented the first demonstration of age-dependent mod-
ifications of the extracellular matrix: an exponential
increase of mechanical strength of collagen fibers with
age (Versar s phenomenon).!

At the time of Versar’s experiments, molecular
mechanisms of the structural changes in aging collagen
were not known. These questions were not resolved un-
til the 1980s, when Monnier and Cerami came with the
glycation theory of aging.? According to this hypothesis,
glucose is the key mediator of aging. Glucose as a poly-
hydroxy aldehyde binds to a free amino group of a pro-
tein to yield a Schiff base. Schiff base, rather unstable
aldimine, changes to a more stable ketoamine, the
Amadori product, which accumulates in tissues. Yet, the
Amadori product is not the final result of the glycation
reaction since it slowly undergoes a series of mostly ill-
defined transformations to yield a rather heterogeneo-
us group of final stable products, advanced glycation
endproducts (AGEs). The processes of advanced glycati-
on were very soon found to be tightly interconnected
with oxidative modifications since, in addition to reacti-
ve oxygen species generated in various metabolic path-
ways, glucose itself, free or bound into the Amadori
product, can contribute to free radical generation via
auto-oxidation reactions. The final complex process of
the structural changes initiated by glucose was termed
glycoxidation.? These processes have some overlap with
lipid peroxidation since the reactive aldehydes, products
of lipid oxidation, may contribute to crosslinking of pro-
teins. As a matter of fact, the term glycoxidation reflects
natural joining of two apparently independent theories
of aging : the free radical theory introduced by Harman*
in the 1950s and the glycation theory.
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Collagens, the main proteins of the extracellular
matrix, undergo continual cross-linking during aging. In
healthy individuals, this process is mediated by lysyl ox-
idase and proceeds slowly as the body ages, apparently
leveling off in early adulthood. Evolution has tailored
this process to produce collagen fibrils with an optimal
balance of strength and flexibility.> As shown above, in
addition to physiological maturation, aging collagens are
crosslinked by formation of AGEs. Collagens are espe-
cially exposed to glycation because they contain several
lysine, hydroxylysine and arginine residues with free
amino groups. Further, they have a slow turn over rate
and are exposed to ambient level of glucose. AGE-medi-
ated cross-linking is a true aging process with multiple
deleterious functional consequences including increased
tissue stiffness, resistance to enzyme degradation, patho-
logical surface changes, overactivation of tissue repair
mechanisms, etc.®

It is significant that these pathological processes are
accelerated in diabetic individuals, whose average blo-
od glucose is higher than normal. Indeed in diabetic pa-
tients severe health complications may evolve in
younger age: they include ischemic heart disease and
stroke, retinopathy and cataract, renal disease, neuro-
pathy, lower limb amputations, etc. As a result of these
deadly health complications, mortality of poorly con-
trolled diabetics may significantly increase compared
with the general population. There is a great deal of ev-
idence showing that, at molecular level, processes of
non-enzymatic glycation/glycoxidation of the endoge-
nous proteins, including collagen, contribute to the de-
velopment of these health disorders.’

Using a model of streptozotocin-induced diabetes
in rats, the time-dependent changes of tail tendon mec-
hanical properties along with alterations in markers of
tendon collagen glyco-oxidation were evaluated. The ef-
fects of the glycation inhibitor aminoguanidine and the
pyridoindole antioxidant stobadine were assessed.

Tendon breaking time, determined as a measure of
collagen cross-linking, was significantly increased in di-
abetic rats (Fig. 1a). Pepsin digests of tail tendons from
diabetic rats were found to accumulate material that re-
acted rapidly with p-dimethylaminobenzaldehyde to gi-
ve an adduct with an absorbance maximum at about 572
nm (Fig. 1b), characteristic for the Ehrlich chromogen
of pyrrolic nature determined in ageing collagens8. Mo-
reover, collagen obtained from tail tendons of diabetic
animals showed increased fluorescence (Fig. 1c) with ex-
citation and emission maxima of 365 nm and 416 nm,
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FIGURE 1: Diabetes-induced changes of rat tail tendon collagen. Time dependence. Tendon breaking time , (b) Ehrlich adduct absorbance at 572 nm, (c) AGE-related flu-
orescence (excitation, 365 nm; emission, 416 nm). (m) - control animals (n=8), () — untreated diabetic animals (n=17). Results are mean values + SEM9.

respectively, characteristic of products of advanced gly-
cation.??

Asshown in Figs. 2a and 2b, both the tendon bre-
aking time values and AGE-related fluorescence of ten-
don collagen correlated positively with the Ehrlich
adduct absorbance underlining the cross-linking and
AGE-related nature of the Ehrlich chromogen moiety.
Indeed, non-enzymatic processes of advanced glycati-
on may be implicitly involved in the formation of pyr-
role structures in collagen, e.g. via chemical reaction of
sugar-derived intermediary alpha-dicarbonyls with pro-
tein amino acid residues."

The glycation inhibitor aminoguanidine signifi-
cantly inhibited changes of all three parameters evalua-
ted8,9. Treatment of diabetic animals with stobadine
partially normalized tendon mechanical strength, while
the glycation-related fluorescence and Ehrlich chromo-
gen absorbance remained unaffected (Fig. 3).>!! The in-
hibitory effect of aminoguanidine supports the
participation of mechanisms related to non-enzymatic
advanced glycation. The discordant effects of stobadine

on mechanical properties of tail tendons on one hand
and AGE-related fluorescence and Ehrlich chromogen
absorbance on the other, suggest that additional mecha-
nisms different from advanced glycation may also parti-
cipate in collagen cross-linking in diabetic connective
tissues; hyperglycemia-induced oxidative processes may
be the most likely candidates.

Accelerated advanced glycation processes in diabe-
tic rats, as detected by Ehrlich’s positive material and
collagen linked fluorescence in the tail tendons, were re-

duced significantly by the green tea extract.'?

I CONCLUSION

Biochemical changes of matrix collagen in experimen-
tally diabetic rats support the concept of glucose-induced
damage in diabetes via tightly interconnected glycation
and oxidation (glyco-oxidation) mechanisms. Thus, be-
sides the classical treatments of diabetes, strategies in-
volving antioxidants and anti-glycation agents may
represent a promising means of adjunct therapy to pre-
vent the progression of diabetic complications.
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FIGURE 2: Diabetes-induced changes of rat tail tendon collagen in relation to Ehrlich adduct absorbance. (a) Tendon breaking time vs. Ehrlich adduct absorbance (r =
0.84) , (b) AGE-related fluorescence (excitation, 365 nm; emission, 416 nm) vs. Ehrlich adduct absorbance (r = 0.84). The results were obtained in the 4th and 8th

month; (m) - control animals (group C),
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(®) - untreated diabetic animals (group D);

p <0.001, diabetic animals vs. age-matched controls for each parameter meas-
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FIGURE 3: Changes of tail tendon collagen in streptozotocin-diabetic rats. Effect
of aminoguanidine and stobadine. F - values represent Ehrlich adduct absorbance
(hatched bars), tendon breaking time (white bars) and AGE-related fluorescence
(black bars) expressed as percentage of the respective values obtained for un-
treated diabetic animals (group D). C - control rats, D/A — diabetic rats treated with
aminoguanidine. D/S - diabetic rats treated with stobadine. Results were obtained
at the end of the 8-month experiment and are expressed as mean values + SEM
(n=8-17) %"
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On balance, if glycoxidation is accepted as a com-
mon element of aging and diabetic complications then:
i) Diabetes can be considered as a model of premature
aging; ii) Diabetes research is helping to investigate ap-
proaches to slowing down aging. The knowledge of mec-
hanisms of aging at molecular level is of key importance
to interfering efficiently with aging. If the glycoxidation
theory is accepted as relevant for both the aging process
and the development of diabetic complications, then gly-
cation inhibitors and antioxidants developed by diabetes
research to prevent and cure diabetic complications are
expected to slow down aging mechanisms.
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