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Abstract 

The concentration of reactive hpld metabohtes (malondlaldehyde, formaldehyde, acetalde- 
hyde and acetone) was assayed in rat heart reperfusates after 30 rain lschemla in animals of 
different age and kept on different feeding regimes It was revealed that there is no difference 
in the concentration of reactive carbonyl compounds in reperfusates from animals of different 
age, but the amount of released carbonyl compounds is much lower in animals kept on 50% 
restricted diet If tall tendons from young (3 months) rats are incubated in the reperfusate, 
their solubthty after CNBr treatment is decreased so that this material resembles tendons from 
old animals Also the amino acid composition of the insoluble residue cannot be distinguished 
from that obtained from rat tall tendons of 24- or 29-month-old rats The results prove the 
ablhty of carbonyl contamlng hpld metabohtes to create a CNBr-lnsoluble core in connective 
tissue 

Key ~otds Non-enzymatic glycatlon, Food restriction, Carbonyls, Collagen, Aging, Hypoxlc 
heart 

I. Introduction 

Carbonyl  compounds ,  In part icular  malon&aldehyde,  formaldehyde,  acetalde- 

hyde and acetone represent reacttve metabohtes  (products o f  peroxldatton) o f  un- 
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saturated llpxds The compounds are considerably reactwe and their lnvolvment in 
non-enzymatic modification of proteins has been the subject of several studies [1,2] 
From their chemical nature they are likely to compete for similar reactive sites in 
bxopolymers as aldehydlc sugars, which are known to produce advanced glycosyla- 
tlon end products (AGEs) by reactions known as non-enzymatic glycahon or 
Malllard reaction [3-6] 

Moreover, glycosylamlnoaclds and their Amadorl  rearrangement products could 
co-exist and react with malondlaldehyde and the highly reactive intermediates de- 
rived therefrom A thorough m vitro study on the effect of  malondxaldehyde on the 
Madlard degradation of Amadorl compounds was published by Gomez-Sanchez et 
al [7] 

In previous studies [8,9] we investigated changes occurring in connective tissue in 
fully fed and food restricted animals with age, in particular we followed changes m 
UV absorbance, fluorescence, thlobarblturlc test response and hexosyllyslne It turn- 
ed out that animals which experienced restriction for a long-enough period of time 
survived better and were lower in all the above parameters This indicated a lower 
concentration of AGEs or their intermediates Masoro et al [10] described that 
young food restricted rats exhibit a decreased percentage of glycosylated hemoglobin 
(about 30-40%) when compared with ad hbltum fed counterparts and this difference 
disappeared as the animals grew older (Masoro, as quoted by Monnxer [5]) In con- 
trast, a decrease in glycemxa of 15-20% persisted In the food restricted animals It 
seemed therefore reasonable to speculate on whether or not other sources of car- 
bonyls may be present in tissues that may lead products similar to AGEs or which 
may compete for the glucose binding sites in proteins Obviously, lipid peroxldatlon 
products appeared to be candidates for this category of reactions In this study we 
explored the Langendorffheart  perfuslon in animals of different age and kept on dif- 
ferent regimes The perfusates we retested for the presence and amount of  lipid per- 
oxidation products and their effect upon connective tissue 

2. Material and methods 

2 1 4mmals 
Four groups of male Wlstar rats ( 10 animals per group) were used The animals 

were kept separately (a single animal per cage), fed standard pelletted diet with a free 
access to water The feeding regime in individual groups ran as follows Group 1 
First year, free access to food, second year, free access to food Group 2 First year, 
50'7. food restriction, second year 50% food restriction Group 3 First year, free ac- 
cess to food, second year, 50% food restriction Group 4 First year, 50% food re- 
striction, second year, free access to food 

The 50% food restriction refers to the amount of food consumed by unrestricted 
controls and was adjusted weekly With fully fed ammals (Group 1) and food 
restricted animals (Group 2) experiments were done after one year of the feeding 
regime as well 

Body weight changes during the growth of experimental ammals were not 
significantly different from those previously reported [11] 
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2 2 Isolated heart preparatwn 
The procedure used followed that published by Otana et al [12] The rats were 

anestheslzed by mtrapentoneal injection of pentobarbltal (80 mg/kg body mass) and 
hearts were removed and mounted on a non-recarculatmg Langendorff perfuslon ap- 
paratus as rapidly as possible Retrograde perfuslon was done at pressure of 100 
cmH20 (9 8 x 103 Pa) with oxygenated, normotherm~c Krebs-Henselelt bacar- 
bonate buffer contammg 3% serum albuman First the heart preparation was allowed 
to equilibrate for 10 mln at 37°C with nonrecarculatmg Krebs-Henseleat bicarbonate 
buffer The retrograde aortic flow was then terminated and the hearts were made 
aschaemac for 30 mln in physiological sahne at 37°C Then reperfuslon was started 
with the Krebs-Henseleat solution for 60 man at normothermla Samples of the per- 
fusate (two perfuslon times, namely 15 and 45 mln) were collected praor to lschemla, 
after lschemm and during reperfusaon and assayed for lipid metabolic products 

2 3 Dertvattzatton of metabohtes tn perfusate 
This procedure followed that of Cordas et al [13] Samples taken during the indi- 

vidual stages of perfuslon were derlvatlzed with 2,4-dmltrophenylhydrazme 
(DNPH) DNPH (310 rag) was dissolved m 100 ml of 0 2 M HCI and 0 1 ml of thas 
DNPH reagent (3 13 ~mol) was added to 1 5 ml of the perfusate In a 20-ml screw- 
capped PTFE vial After adding 0 5 ml of water the test tubes were Vortex maxed, 
after mixing 10 ml of n-pentane were added The test tubes were shaken for 30 mln 
and the derlvat~zatlon reactaon was allowed to proceed at room temperature The 
organic phase was removed and the aqueous phase was reextracted with the same 
amount of pentane, both extracts were combaned and taken to dryness under a 
stream of nitrogen at 30°C The dry residue was redassolved in 200/~1 of acetomtrale 
and after filtration &rectly used (0 2 /~m Nylon-66 membrane filter, Ralmm, 
Woburn, MA) for chromatography 

2 4 Chromatography of 2,4-dmltrophenylhydrazones [10] 
The chromatographic procedure followed that described by Cordas et al [13] 

Faltered samples (25/zl) were loaded an a 3-m Beckman Ultrasphere Cl8 column 7 5 
cm × 4 6 mmi  d an a Spectra-Physics Chromatograph (San Jose, CA) InJection of 
samples was done by the splat stream techmque, a Bondapak Ct8 Guard Pak col- 
umn was mounted anto the separation system Detection was by a Waters model 490 
multawavelength detector (Mallapore, Milford, MA) at 307, 325 and 356 mm Elutaon 
was 1socratic wath acetomtrale-water-acetlc acad (40 60 0 1, v/v/v) at a flow rate of 1 
ml/man (typical running time less than 20 man) After each run the column was wash- 
ed with acetonatrale containing 0 1% (v/v) of acetic acad 

Dmatrophenylhydrazone standards were prepared an the laboratory by reactang 50 
ml 2,4-dmatrophenylhydrazme solution (310 mg/100 ml 2 M HCI) with a 2 -5  molar 
excess of formaldehyde (FDA), acetaldehyde (ADA), malondialdehyde (MDA) and 
acetone The hydrazone precipitate was filtered off, draed and recrystallazed from 
methanol Standard solutaons of 2,4-danltrophenylhydrazones containing 50 ng/#l 
were used for spiking Calibration was linear an the range from 10 pmol to 6 25 nmol 
of each standard Within-run and inter-run variations were 1 and 5%, respectively 
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2 5 In vttro rea¢ tton o / ta t l  tendons ~tlth hptd metabohtes 
Intact rat tendon fibres were Incubated with the 45-mln perfusate in vitro Fibres 

were washed overnight at 10°C in 5 mM sodium phosphate buffer containing 0 9% 
NaCI, pH 7 4 and then incubated with the 45-rain perfusate which was made 3 mM 
with respect to sodium azlde at 37°C for 24 h 

2 6 Amino a~td analyst.s 

Amino acid analysis was done on PICO-TAG Amino Acid Analysis System with 
standard denvatlzatlon with phenyl lsothlocyanate Briefly, protein was hydrolyzed 
m 6 M HCI overnight at I10°C, derlvatlzed by phenyl lsothiocyanate to the 
phenylthlocarbamyl amino acids and these amino acids were separated by reversed 
phase high performance hquld chromatography with sodium acetate buffer (pH 
6 40) - -  acetonltrlle gradient monitored at 254 nm (for details see Bldhngmeyer et 
al [141) 

3. Results 

As demonstrated in Table 1, after 30 mln lschemla, heart perfusates contain lipid 
metabohtes, reactive carbonyl compounds, namely MDA, FDA, ADA and acetone 
While there are no significant differences between perfusates obtained from animals 
aged 1 and 2 years (fully fed and food restricted animals), the feeding regime changes 
the concentration of reactive carbonyls quite considerably When fully fed animals 
are compared with the 50% food restricted ones, the concentration of reactive car- 
bonyls in the perfusate drops by nearly 50% in the group of food restricted animals 
It appears that the concentration of the reactive carbonyls in heart perfusate (both 
45- and 15-mln perfusates) reflects the actual feeding regime rather than the nutri- 
tional history thus the results obtained with 2-year-old animals which were fully fed 
during the first year and food restricted during the second year of  their life resembles 
the situation in animals food restricted for the whole testing period Vice versa, ani- 
mals food restricted in their early life and fully fed then after yielded perfusates m 
which the concentrations of reactive carbonyl metabohtes resembled fully fed 
animals 

In Table 2 the differences in the percentage of CNBr insoluble residue with age 
and dietary regime and the effect of incubation with a mixture of lipid metabohtes 
are shown In samples which were not incubated with the mixture of lipid metabo- 
lltes, the p ropomon  of the insoluble residue was lower in all groups tested (when 
compared with the incubated ones) There was a statistically significant increase m 
the insoluble residue in fully fed animals after their first and second year of life The 
analogous difference in food restricted animals was considerably less pronounced 

Comparison of the incubated and non-incubated samples shows a clear increase 
in the CNBr insoluble residue ff the samples are incubated with the mixture of  hpld 
metabohtes (see above) The decrease in solubility with age in fully fed and food 
restricted animals after the first and second year of life is even more pronounced in 
incubated samples than in the non-incubated ones As a matter of fact the reslstence 
towards solubihzatlon of incubated samples is significantly higher than the most re- 
sistant non-incubated samples obtained from 2-year-old fully fed animals This m- 
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Table 2 
Changes m the percentage oI CNBr insoluble residue ~lth age and dietary regime and the ellect of incu- 
bation with a mixture of hpld metabohtes (mean + S D ,~¢ = 10) 

Regime Age Insoluble residue (v~elght ",,) 

Non incubated Incubated 

Fully fed 1 '~ear 11 ~6 :L 2 17 18 24 ± I 12 
Fully ted 2 tears 14 28 :L 2 15 ~ 23 I)5 + I 08 ~ 
Food restricted I ~ear 5 48 4- t 2~ b 18 26 ± 0 96 
Food restricted 2 years 7 21 4- 2 15 bd 24 14 4- 1 24 ~ 
Fully fed, restricted 2 years 6 25 ± 2 22 b 19 :~7 4- 2 05 b~ 
Food restricted fully fed 2 years 624 4- q lib 1996 4- 1 18b 

Tendons obta,ned from ammals of the groups as indicated 45 mln perfusate from fully led animals used 
for incubation 
P < 0 001 &fference between incubated and non-incubated counterparts is always significant ~P < 
0 05, comparison wtth tully led bp < 0 001 comparison with full) fed ~P < 0 001 comparison with 
food restricted ap < 0 05 comparison between age categories (1 and 2 years) ~P < 0 001 comparison 
between age categories (1 and 2 years) 

d lcates  tha t  unde r  phys io log ica l  c o n d i t i o n s  the  t issue t h o u g h  m o r e  p o l y m e r l z e d  with  

a d v a n c i n g  age xs suscept ib le  to fu r the r  p o l y m e r i z a t i o n  t h r o u g h  l ipid o x i d a t i o n  p rod -  

ucts  Samples  o b t a i n e d  f r o m  a m m a l s  sub jec ted  to a l t e rna t i ng  feed ing  reg imes  (fully 

fed first year  and  u n d e r n o u r i s h e d  d u r i n g  the second  year  and  vice versa)  are  

p o l y m e n z e d  to a lower  degree  than  the samples  o b t a i n e d  f r o m  fully fed o r  under -  

nou r i shed  an ima l s  

I f  rat  taxi t endons  o b t a i n e d  f r o m  3 - m o n t h - o l d  rats (which are  92 2 + 2 3% soluble  

af ter  C N B r  t r e a tmen t )  were  used,  they  y ie lded  16 24 + 1 36% (n = 10) o f  the Insolu-  

ble res idue 

A m i n o  acid  analyses  o f  the C N B r  inso lub le  res idues  (Tab le  3) l n&ca te  tha t  excep t  

the res idues  o b t a i n e d  f r o m  3 - m o n t h - o l d  an ima l s  there  is very  ht t le  change  m thei r  

c o m p o s i t i o n  It shou ld  be no t ed  tha t  a p p a r e n t l y  the C N B r  c leavage  was i n c o m p l e t e  

as a lways  some  m e t h l o n m e  res idues  pers is ted  m the ana lysed  inso lub le  res idues  The  

C N B r  res is tant  p o r t i o n  o f  the t e n d o n  o b t a i n e d  f r o m  3 - m o n t h - o l d  an ima l s  Is con-  

sxderably h tgher  in ats c o n t e n t  o f  p r o h n e  and  lower  in g lycme c o m p a r e d  to all the  

o the r  samples  ana lyzed  These  res idues  are  l ikely to be c o m p o s e d  o f  co l lagen  and 

the a c c o m p a n y i n g  n o n - c o l l a g e n o u s  pro te ins ,  the  p r o p o r t i o n s  o f  which  m a y  change  

with  age I n c u b a t i o n  o f  rat  tall  t e n d o n s  o b t a i n e d  f r o m  3 - m o n t h - o l d  an ima l s  in the 

45-ram per fusa te  c o n t a i n i n g  the reac t ive  c a r b o n y l s  no t  only  increases  the a m o u n t  o f  

the C N B r  inaccess ib le  res idue  as m e n t i o n e d  above ,  bu t  also Lts c o m p o s m o n  was 

changed  in a way  tha t  it r e sembled  the res is tant  ma te r i a l  o b t a i n e d  f r o m  24- o r  29- 

m o n t h - o l d  rats 

4 Discussion 

Reac t ive  c a r b o n y l  m e t a b o h t e s ,  pa r t i cu la r ly  those  c o n t a i n i n g  a free a ldehyd lc  

g r o u p  are  k n o w n  to react  wi th  free a m i n o  g roups  o f  pro te ins ,  such reac t ions  are  best  
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Table 3 
Amino acid composition of the CNBr insoluble residues obtained from rats of  different age and remaining 
after cleavage of  tad tendons obtained from 3 months old rats incubated m the 45 mm perfusate (fully 
fed ammals) 

Amino ac,d Ammal age (months) 

3 12 24 29 3 '  

Asp 267 321 3 11 3 17 3 19 
Glu 3 41 4 27 5 00 5 30 5 33 
Hypro 15 16 15 02 14 03 14 28 14 18 
Ser 3 40 3 54 3 41 3 41 3 42 
Gly 18 12 22 79 23 51 23 49 23 62 
Arg 2 21 3 26 3 46 3 45 3 43 
Thr 2 76 2 73 2 80 2 88 2 83 
Ala 4 05 5 33 5 96 6 32 6 03 
Pro 35 04 26 04 24 11 24 58 24 53 
Tyr 1 35 1 32 1 18 1 27 1 28 
Val 2 21 2 46 2 57 2 46 2 50 
Met 0 28 0 33 0 57 0 54 0 57 
Cys 1 11 087 030 023 023 
lieu 1 99 1 78 2 36 1 91 2 03 
Leu 2 44 3 26 3 80 3 45 3 53 
Phe 3 09 3 09 2 96 2 28 2 32 
Lys 0 72 0 76 0 99 0 98 0 99 

For details of  the incubation procedure see Materml and methods 
3 ' ,  incubated m 45-mln perfusate 

detected in protem structures wtth a long metabohc half-time Atyptca l  represen- 
tative of  this protem category lS collagen (for a review of glycatlon of collagen see 
Ref 15) However, instead of  using purified collagen samples to test the ability of  
carbonyl contamlng perfusates to react with the protein, we have used rat tatl ten- 
dons, these tendons are known to contain mamly collagen (type I), however they ex- 
hibit a definite supramolecular structure and experiments carried out wtth them are 
closer to the physlologtcal con&ttons m the organtsm The presumpttve counterparts 
for the reactive carbonyl containing metabohtes, free amino groups, are much more 
readily accessible In a solubthzed protein in comparison to a protein imbedded in 
a tissue Apphcatlon of such a model situation has, however, to respect that a part 
of the protem in the ttssue (rat tall tendon) may be already reacted (cross-hnked) 
wtth reacttve metabohtes or otherwtse Therefore it was necessary to use a standard 
method for solubthzmg tendon collagen This was done by CNBr cleavage which is 
known to split collagen type I molecule Into six fragments, collagen molecules which 
underwent a reaction with reactive carbonyls (including aldehydlc sugars) are known 
to form polymeric structures, parts of  which remam insoluble even after intensive 
CNBr cleavage On the other hand it has been proposed that aging of connective tis- 
sue mvolves collagen polymerization [16,17] The nature of  some of the cross-links 
artslng is known, however the complete mechanism of  age-accompanied collagen 
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polymerization has been a matter  of debate for the last 20 years Indeed if we com- 
pare the percentage of tendons that remain insoluble after CNBr cleavage some in- 

creased resistance towards solublhTatlon with CNBr can be observed (Table 2) The 
same tendency was observed by Tanaka  et al [181 in the case of incubat ion of rat 
tall tendom with rlbose 

It can be concluded, that the reactive carbonyls  present in tissue, e g alter an 

lschaemlc period, are capable of polymerlzmg tissue collagen 

5. Conclusmns 

Reperfuslon of rat heart after 30 mln lschemla carried out dur ing a 15- or 45-mln 
period yields perfusates conta in ing reactive metabohtes with carbonyl  groups The 
concentrat ion of these metabohtes depends on the nutr i t ional  regime and is about  
twice as high in fully fed animals as compared to those that were 50% restricted in 
their food intake Previous feeding history seems not to affect the concentrat ion of 
released metabohtes Also no distinct difference in the concentrat ion of the carbonyl  
containing compounds  were found between 1- and 2-year-old animals 

The released carbonyl  bearing metabohtes  are able to react with connective tissue 

(rat tall tendons), increasing its resistance to CNBr cleavage This indicates that they 
should take part in polymerization reactions of the constitutive protems The amino 
acid composit ion of the solublhzatlon-reslstant  core resembles the composi t ion of 
the Insoluble residues (after CNBr cleavage) obtained from tall tendons of older 12- 

and 24-months-old rats It is worth ment ioning  that this composi t ion differs from 
that occurring physiologically in young 3-month-old rat tall tendons In our opinion 
the presented results are evidence of the ability of reactive lipid metabohtes to react 
(polymertze) with connective tissue structures The modified insoluble connective tis- 

sue, as far as its amino acid composi t ion and proport ion of the insoluble residue l~ 
concerned, is lndlstxngulshlble from insoluble connective tissue fraction obtained 
from old animals 
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