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

AABBSSTTRRAACCTT  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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ÖÖZZEETT  Ekstraselüler matriksin ana proteini olan kollagen yaşlanma sürecinde devamlı çapraz
bağlanma geçirmektedir. Sağlıklı kişilerde daha yavaş ilerleyen bu sürece lizil oksidaz eşlik
etmektedir. Fizyolojik tekamüle ilave olarak, yaşlanmış kollagenler, indirgenmiş şekerler ve
proteinler arasında enzimatik olmayan gliko-oksidasyon reaksiyonları ile şekillenen ileri glikasyon
son ürünleri (AGEs) tarafından çarpaz bağlanmaktadırlar. Bu patolojik süreçler diyabetli kişilerde
hiperglisemi sebebiyle hızlanmaktadır. Bizim çalışmalarımızda, sıçan kuyruk tendonunun mekanik
direnme gücü diyabetik hayvanlarda kontrollere oranla anlamlı olarak artmıştır. Diyabetik
sıçanların kuyruk tendonlarında p-dimetilaminobenzaldehit reaktif materyalinin miktarının, Elrich
kromojeninin absorbans spectrum karakteristikleri ile, arttığı bulunmuştur. Karakteristik gliko-
florofor, diyabetik hayvanların tendon kollejenlerinde yükselmiştir. Pridoindol antioksidan stobadin
sıçan kuyruk tendonunun sadece mekanik direnme gücünü azaltırken, glikasyon inhibitörü
aminoguanidin, her üç parametrede saptanan değişiklikleri anlamlı olarak inhibe ettiği
gösterilmiştir.
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com pany aging. It streng thens blo od ves sels and plays a
ro le in tis su e de ve lop ment. Age-re la ted cross-lin king of
col la gen re sults in  jo int,  myo car di al and vas cu lar stiff-
ness with cor res pon ding pat ho lo gi cal con se qu en ces. 

The fun da men tal qu es ti ons re la ted to bi oc he mistry
of col la gen aging  are: 1) What are the mo le cu lar mec h-
a nisms res pon sib le for the age-re la ted chan ges of mat rix
col la gen ? 2) Is the re any chan ce to slow down the se pro -
ces ses ?

MATRIX COLLAGEN MODIFICATIONS
IN AGING AND DIABETES

An ex cur si on to the his tory of aging bi o logy wo uld le ad
us to Fritz Versár who is con si de red a  fo un der of ex pe -
ri men tal ge ron to logy. His fun da men tal ex pe ri ments,
per for med in the 1950s on aging of rat ta il ten dons, rep-
re sen ted the first de mons tra ti on of age-de pen dent mo d-
i fi ca ti ons of the ex tra cel lu lar mat rix: an ex po nen ti al
in cre a se of mec ha ni cal strength of col la gen fi bers with
age (Versár´s phe no me non).1

At the ti me of  Versár´s ex pe ri ments, mo le cu lar
mec ha nisms of  the struc tu ral chan ges in aging col la gen
we re not known. The se qu es ti ons we re not re sol ved un -
til the 1980s, when Mon ni er and Ce ra mi  ca me with the
glyca ti on the ory of aging.2 Ac cor ding to this hypot he sis,
glu co se is the key me di a tor of aging. Glu co se as a poly-
h ydroxy al dehy de binds to a fre e ami no gro up  of a pro-
te in to yi eld a Schiff ba se. Schiff ba se, rat her uns tab le
al di mi ne, chan ges to a  mo re stab le ke to a mi ne,  the
Ama do ri pro duct, which ac cu mu la tes in tis su es. Yet, the
Ama do ri pro duct  is not the fi nal re sult of the glyca ti on
re ac ti on sin ce it slowly un der go es a se ri es of mostly ill-
de fi ned trans for ma ti ons to yi eld a  rat her he te ro ge ne o -
us gro up of  fi nal stab le pro ducts, ad van ced glyca ti on
end pro ducts (AGEs). The pro ces ses of ad van ced glyca ti -
on we re very so on fo und to be tightly in ter con nec ted
with oxi da ti ve mo di fi ca ti ons sin ce, in ad di ti on to re ac ti -
ve oxy gen spe ci es  ge ne ra ted in va ri o us me ta bo lic path-
ways, glu co se it self, fre e or bo und in to the Ama do ri
pro duct,  can con tri bu te to fre e ra di cal ge ne ra ti on vi a
au to-oxi da ti on re ac ti ons. The fi nal comp lex pro cess of
the struc tu ral chan ges ini ti a ted by glu co se was ter med
glyco xi da ti on.3 The se pro ces ses ha ve so me over lap with
li pid pe ro xi da ti on sin ce the re ac ti ve al dehy des, pro ducts
of li pid oxi da ti on,  may con tri bu te to cross lin king of pro-
te ins. As a mat ter of fact, the term glyco xi da ti on ref lects
na tu ral jo i ning of  two ap pa rently in de pen dent the o ri es
of aging :  the fre e ra di cal the ory in tro du ced by Har man4

in the 1950s and the glyca ti on the ory.

Col la gens, the ma in pro te ins of the ex tra cel lu lar
mat rix, un der go con ti nu al cross-lin king du ring aging. In
he althy in di vi du als, this pro cess is me di a ted by lysyl ox-
i da se  and pro ce eds slowly as the body ages, ap pa rently
le ve ling off in early adult ho od. Evo lu ti on has ta i lo red
this pro cess to pro du ce col la gen fib rils with an op ti mal
ba lan ce of strength and fle xi bi lity.5 As shown abo ve, in
ad di ti on to physi o lo gi cal ma tu ra ti on, aging col la gens are
cross lin ked by for ma ti on of  AGEs. Col la gens are es pe -
ci ally ex po sed to glyca ti on be ca u se they con ta in se ve ral
lysi ne, hydroxyl ysi ne and ar gi ni ne re si du es with fre e
ami no gro ups. Furt her, they ha ve a slow turn over ra te
and are ex po sed to am bi ent le vel of glu co se. AGE-me di -
a ted cross-lin king is a tru e aging pro cess with mul tip le
de le te ri o us func ti o nal con se qu en ces inc lu ding in cre a sed
tis su e stiff ness, re sis tan ce to enz yme deg ra da ti on,  pat ho-
lo gi cal sur fa ce chan ges, ove rac ti va ti on of tis su e re pa ir
mec ha nisms, etc.6

It is sig ni fi cant that the se pat ho lo gi cal pro ces ses are
ac ce le ra ted in di a be tic in di vi du als, who se ave ra ge blo -
od glu co se is hig her than nor mal. In de ed in di a be tic pa-
ti ents se ve re he alth comp li ca ti ons may evol ve in
yo un ger age: they inc lu de isc he mic he art di se a se and
stro ke, re ti no pathy and ca ta ract, re nal di se a se, ne u ro -
pathy, lo wer limb am pu ta ti ons, etc. As a re sult of the se
de adly he alth comp li ca ti ons, mor ta lity of po orly con-
trol led di a be tics may sig ni fi cantly in cre a se com pa red
with the ge ne ral po pu la ti on. The re is a gre at de al of ev-
i den ce sho wing that, at mo le cu lar le vel, pro ces ses of
non-enz yma tic glyca ti on/glyco xi da ti on of the en do ge -
no us pro te ins, inc lu ding col la gen,  con tri bu te to the de-
ve lop ment of the se he alth di sor ders.7

Using a mo del of strep to zo to cin-in du ced di a be tes
in rats, the ti me-de pen dent chan ges of ta il ten don mec -
ha ni cal pro per ti es along with al te ra ti ons in mar kers of
ten don col la gen glyco-oxi da ti on we re eva lu a ted. The ef-
fects of the glyca ti on in hi bi tor ami no gu a ni di ne and the
pyri do in do le an ti o xi dant sto ba di ne we re as ses sed.

Ten don bre a king ti me, de ter mi ned as a me a su re of
col la gen cross-lin king, was sig ni fi cantly in cre a sed in di-
a be tic rats (Fig. 1a). Pep sin di gests of ta il ten dons from
di a be tic rats we re fo und to ac cu mu la te ma te ri al that re-
ac ted ra pidly with p-di meth yla mi no ben zal dehy de  to gi -
ve an ad duct with an ab sor ban ce ma xi mum at abo ut 572
nm (Fig. 1b), cha rac te ris tic for the Ehr lich chro mo gen
of pyrro lic na tu re de ter mi ned in age ing col la gens8. Mo -
re o ver, col la gen ob ta i ned from ta il ten dons of di a be tic
ani mals sho wed in cre a sed flu o res cen ce (Fig. 1c) with ex-
ci ta ti on and emis si on ma xi ma of 365 nm and 416 nm,



res pec ti vely, cha rac te ris tic of pro ducts of ad van ced gly-
ca ti on.8,9

As shown  in Figs. 2a and 2b , both  the ten don bre -
a king ti me va lu es and AGE-re la ted flu o res cen ce of ten-
don col la gen cor re la ted  po si ti vely with the Ehr lich
ad duct  ab sor ban ce  un der li ning the cross-lin king and
AGE-re la ted na tu re of the Ehr lich chro mo gen mo i ety.
In de ed,  non-enz yma tic pro ces ses of ad van ced glyca ti -
on may be imp li citly in vol ved in the for ma ti on of pyr-
ro le struc tu res in col la gen, e.g. vi a che mi cal re ac ti on of
su gar-de ri ved in ter me di ary alp ha-di car bonyls with pro-
te in ami no acid re si du es.10

The glyca ti on in hi bi tor ami no gu a ni di ne sig ni fi -
cantly in hi bi ted chan ges of all thre e pa ra me ters eva lu a -
ted8,9. Tre at ment of di a be tic ani mals with sto ba di ne
par ti ally nor ma li zed ten don mec ha ni cal strength, whi le
the glyca ti on-re la ted flu o res cen ce and Ehr lich chro mo -
gen ab sor ban ce re ma i ned unaf fec ted (Fig. 3).9,11 The in-
hi bi tory ef fect of ami no gu a ni di ne sup ports the
par ti ci pa ti on of mec ha nisms re la ted to non-enz yma tic
ad van ced glyca ti on. The dis cor dant ef fects of sto ba di ne

on mec ha ni cal pro per ti es of ta il ten dons on one hand
and AGE-re la ted  flu o res cen ce and Ehr lich chro mo gen
ab sor ban ce on the ot her, sug gest that ad di ti o nal mec ha -
nisms dif fe rent from ad van ced glyca ti on may al so par ti -
ci pa te in col la gen cross-lin king in di a be tic con nec ti ve
tis su es; hypergl yce mi a-in du ced oxi da ti ve pro ces ses may
be the most li kely can di da tes.

Ac ce le ra ted ad van ced glyca ti on pro ces ses in di a be -
tic rats, as de tec ted by Ehr lich’s po si ti ve ma te ri al and
col la gen lin ked flu o res cen ce in the ta il ten dons, we re re-
du ced sig ni fi cantly by the gre en te a ex tract.12

CONCLUSION

Bi oc he mi cal chan ges of mat rix col la gen in ex pe ri men -
tally di a be tic rats sup port the con cept of glu co se-in du ced
da ma ge in di a be tes vi a tightly in ter con nec ted glyca ti on
and oxi da ti on (glyco-oxi da ti on) mec ha nisms. Thus, be-
si des the clas si cal tre at ments of di a be tes, stra te gi es in-
vol ving an ti o xi dants and an ti-glyca ti on agents may
rep re sent a pro mi sing me ans of ad junct the rapy to pre-
vent the prog res si on of di a be tic comp li ca ti ons.
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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). (■) - control animals (n=8),  (●) – untreated diabetic animals (n=17). Results are mean values ± SEM9.
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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; (■) - control animals (group C),    (●)  - untreated diabetic animals (group D);     p < 0.001,  diabetic animals vs. age-matched controls for each  parameter meas-



On ba lan ce, if glyco xi da ti on is ac cep ted as a com-
mon ele ment of aging and di a be tic comp li ca ti ons then:
i) Di a be tes can be con si de red as a mo del of pre ma tu re
aging; ii) Di a be tes re se arch is hel ping to in ves ti ga te ap-
pro ac hes to slo wing down aging. The know led ge of mec -
ha nisms of aging at mo le cu lar le vel is of key im por tan ce
to in ter fe ring ef fi ci ently with aging. If the glyco xi da ti on
the ory is ac cep ted as re le vant for both the aging pro cess
and the de ve lop ment of di a be tic comp li ca ti ons, then gly-
ca ti on in hi bi tors and an ti o xi dants de ve lo ped by di a be tes
re se arch to pre vent and cu re di a be tic comp li ca ti ons are
ex pec ted to slow down aging mec ha nisms. 
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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) 9,11

1 Robert L. An original approach to aging: an
appreciation of Fritz Verzár's contribution in
the light of the last 50 years of gerontological
facts and thinking. Gerontology 2006; 52 (5):
268-74.

2 Monnier VM, Cerami A. Nonenzymatic brown-
ing in vivo: possible process for aging of long-
lived proteins. Science 1981; 211: 491–493. 

3 Baynes JW. Role of oxidative stress in devel-
opment of complications in diabetes. Role of
oxidative stress in development of complica-
tions in diabetes. Diabetes 1991; 40 (4): 405-
12. Review.

4 Harman D. Aging: a theory based on free rad-
ical and radiation chemistry. J Gerontol 1956;
11 (3): 298-300.

5 Robins SP. Biochemistry and functional sig-
nificance of collagen cross-linking. Biochem
Soc Trans 2007; 35 (Pt 5): 849-52. Review.

6 Ulrich P, Cerami A. Protein glycation, dia-
betes, and aging. Recent Prog Horm Res
2001; 56: 1-21. Review.

7 Ahmed N. Advanced glycation endproducts--
role in pathology of diabetic complications. Di-
abetes Res Clin Pract 2005; 67 (1): 3-21.
Review.

8 Stefek M, Gajdosik A, Gajdosikova A,
Krizanova L. p-Dimethylaminobenzaldehyde-
reactive substances in tail tendon collagen of
streptozotocin- diabetic rats: temporal   rela-
tion to biomechanical properties and ad-
vanced glycation endproduct (AGE)-related
fluorescence. Biochim Biophys Acta - Mol
Basis Dis 2000; 1502 (3): 398-404.

9 Stefek M, Gajdosikova A, Gajdosik A, Ky-
selova Z, Djoubissie PO, Krizanova L. Glyco-
oxidative mechanisms in glucose
toxicity:biochemical changes of matrix colla-
gen in diabetic rats. Biologia (Bratisl) 2005; 60

(Suppl.17): 109-112.

10 Deyl Z, Miksik I. Post-translational non-enzy-
matic modification of proteins. I. Chromatog-
raphy of marker adducts with special
emphasis to glycation reactions. J Chromatogr
B Biomed Sci Appl 1997; 699 (1-2): 287-309.
Review.

11 Stefek M, Gajdosik A, Tribulova N, Navarova
J, Volkovova K, Weismann P, Gajdosikova A,
Drimal J, Mihalova D. The pyridoindole an-
tioxidant stobadine attenuates albuminuria,
enzymuria, kidney lipid peroxidation and ma-
trix collagen cross-linking in streptozotocin-in-
duced diabetic rats. Methods Find Exp Clin
Pharmacol 2002; 24 (9): 565-571.

12 Babu PV, Sabitha KE, Shyamaladevi CS.  Ef-
fect of green tea extract on advanced glyca-
tion and cross-linking of tail tendon collagen
in streptozotocin induced diabetic rats. Food
Chem Toxicol 2008; 46 (1): 280-5.

REFERENCES


