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The objectives ofthisstudywereto determine the effectofdietrestriction (DR)and the crosslinking inhibitor, aminoguani­
dine (AG), on PMA-inducedrespiratory burst,concentrations ofuricacid,and the rateofpentosidineaccumuiation in the
skin (Ps)ofnaturally hyperglycemic broilerbreederhens. Female chicks (n =450)wererandomlyassignedtofour groups
from 8 to 92 weeksafter hatch:ad libitum (AL),dietrestricted(DR),AL and DR groupssupplementedwith400ppm AG
each(AL +AGandDR +AG).No consistenteffectsoftreatments wereobserved onplasmaconcentrations ofglucose. The
accumuloJion ofPsin AL birdsincreasedlinearly withage (p < .001)and wassignificantly retardedin all treatmentgroups
(p < .0(1). Ps in theAL +AGgroup wascomparable to that in the DR or DR +AGgroups. PMA-inducedrespiratory bursts
in blood leukocytes weresignificantly retardedin DR orAG-supplemented (p < .0001)groups. Although there wasa
marginalincrease in overallmean concentrations ofplasmauricacidfor the DRgroup,no consistentdifferences wereob­
servedon individual timepoints.It is concludedthatthe glycosyloJion processmaynot be theprimarycauseofglucose-de­
rivedcrosslinks and thatthe accumulation ofPscanberetarded byDR andAG in broiler breederhens.

CLASS aves offers many advantages in providing animal
models for biogerontology, particularly for the study of re­

tarding aging and promoting longevity (1). The preeminent fea­
ture of this class in regard to aging is that most species within it
are dramaticaly longer lived than mammals of comparable body
size (2). Avian longevity is somewhat surprising due to other,
inherently avian, traits which, based on many theories of aging,
should render them more susceptible to the degenerative pro­
cesses of aging. These traits include:

(i) Metabolic rates as much as 2-2.5 times higher than simi­
larly sized mammals (2,3), which should, presumably, ex­
pose them to a higher rate of oxygen free radical prodic­
tion and, consequently, accelerated tissue damage (4-6).

(ii) Concentrations of plasma glucose typically 2-6 times
mammalian norms, which should accelerate the Maillard
reaction and generate high concentrations of tissue
crosslinks or advanced glycosylated endproducts (AGEs).

(iii) An elevated basal body temperature (about 3°C higher
than mammals) (1), which should contribute to the nonen­
zymatic attachment of glucose to proteins.

Both of these latter factors should accelerate the formation of
advanced Maillard products and, hence, the process of tissue
aging (1).

The glycation theory of aging suggests that the modificationof
proteins by glucose and the associated browning or Maillard re­
actions leads to the gradual crosslinking, polymerization, brown­
ing, and fluorescence changes in collagen that are characteristic
of aging (7,8). It is postulated that, ultimately, these crosslinks
will lead to the structural and functional deterioration of tissues
(8-10). One such crosslink, or AGE, pentosidine, has been iso­
lated and characterized. It is an imidizole-[4,5b]pyridinium
molecule comprised of lysine and arginine residues crosslinked

by a pentose (11). In mammals, pentosidine has been found to in­
crease linearly over the life span of the animal and, hence, has
been used as a biomarker for aging studies (12-14).

According to a synergistic theory of aging (15), age-related
deterioration of tissues is due to the interplay of free radical
damage, glycosylation, and other Maillard reactions. The spe­
cific in vivo carbohydrate moiety which leads to pentosidine is
not known, but oxidative reactions are required at some stage in
its formation. In support of this view, the generation of pentosi­
dine is inhibited in the absence of oxygen, a fact that prompted
Baynes (16) to coin the term "glycoxidation product" to de­
scribe pentosidine and other glycation compounds similarly af­
fected by oxygen availability. Glycoxidation products are ex­
ceptionally sensitive indicators of oxidative stress due to the
relative ease of oxidation of both reducing sugars and their
adducts. Although pentosidine accounts for only a small frac­
tion of the carbohydrate adducts and crosslinks formed nonen­
zymatically in protein, its measurement is useful as a biomarker
of both the glycative and oxidative damage to proteins (17).

In contrast to the proposed progeric role of glycation and free
radical formation, diet restriction (DR) has been shown to retard
the aging process. In rodents, DR lowers concentrations of
plasma glucose, increases longevity, decreases age-associated
physiological changes, and delays or prevents many age-associ­
ated pathologies (18,19). In addition to DR, supplementing the
diet with crosslinking inhibitors may have a positive effect on
preventing age-related complications. The decrease in tissue
functionality associated with nonenzymatic crosslinks can be
delayed or somewhat ameliorated by supplements such as the
nucleophilic hydrazine, aminoguanidine hydrochloride (AG)
(20-23). Although numerous studies have demonstrated that AG
is an inhibitor of many manifestations of nonenzymatic glyca­
tion, its specific mode of action is controversial (24).
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The objectives of this study were twofold: (i) to determine
the effect of DR as well as the crosslinking inhibitor (AG) on
the rate of accumulation of the glycoxidation product, pentosi­
dine, in the skin (Ps) of naturally hyperglycemic broiler breeder
hens, and (ii) to determine the plasma concentrations of the an­
tioxidant, uric acid, and oxidative stress in blood leukocytes.
Any reduction in oxidative stress and/or the accumulation of Ps
and/or an increase in uric acid could be interpreted as a reduc­
tion or slowing of the aging process.

MATERIALS AND MErnODS

Birdsand Management
Day-old female broiler breeder (Cobb X Cobb) chicks (n =

450) were placed in electrically heated battery brooders and fed
ad libitum until 4 weeks of age. All birds were then fed a re­
stricted diet (60% ofAL) which optimizes production perfor­
mance. A restricted diet is limited in calories only; all diet-re­
stricted birds receive the recommended amounts of vitamins,
minerals, and nutrients. Feed intake ofAL-fed birds was deter­
mined on a weekly basis and adjustments in feed allocation to
the DR birds were made accordingly. Photoperiod was set ac­
cording to the Cobb Management Guide (Cobb-Vantress, Inc.,
Siloam Springs, AR). All chicks were assigned randomly at 4
weeks of age to one of four experimental groups: AL, DR, AL
and DR supplemented in feed with 400 ppm AG (Aldrich
Chemical, Milwaukee, WI) (1.35 mg/kg/day) (AL + AG and
DR +AG, respectively). At this dose, a significant reduction in
tissue fluorescence was recorded in poultry (25). Once assigned
to a dietary group, the birds were fed accordingly throughout
the study. All birds were fed daily between 0800 and 1000
hours and provided water ad libitum. The flocks were reared in
floor pens until 20 weeks of age at which time, the hens were
put into individual cages. Body weight was monitored weekly
and recorded every 12 weeks.

Skin Samplesand Pentosidine Determination
Hens (n == 5) were randomly selected from each dietary

group every 12 weeks beginning at 8 weeks of age and ending
at 92 weeks of age and killed by prior electrical stunning.
Approximately 1 g of skin was removed from the abdominal
area, washed with normal saline, and stored at -80°C until as­
sayed. The collagen digest for pentosidine determination was
prepared according to a technique for 10 mg skin described by
Monnier (26) and Sell (27) and their colleagues. Briefly, this
technique involved the removal of the epidermal and adipose
layers, freezing in liquid nitrogen, and mincing. The minced
samples were delipidated overnight in a chloroform-methanol
(2:1) solution. Samples were then rehydrated in 50% methanol
and hydrolyzed in 6 N HCI at 110°C for 18 hours. All tubes
were flushed with nitrogen prior to capping for heating.
Subsequent to the hydrolysis, the samples were placed into a
SpeedVac centrifuge-type vacuum drier (Savant Instruments,
Farmingdale, NY) until dry.Samples were then reconstituted in
250 JlL H20 and filtered using a Costar Spin-X centrifuge tube
filter (Coming Costar Corp., Cambridge, MA). A modified
Stagman and Stalder method was used to estimate collagen via
an hydroxyproline standard; it was assumed that hydroxypro­
line made up 14% of the total collagen (28).

The estimation of pentosidine was done by reverse phase
HPLC (29). One milligram of acid-hydrolyzed skin collagen di­
gest in 100 JlL water/O.OlM heptafluorobutyric acid (HFBA) was
injected into a 0.46 X 25-cm Vydac 218TPI04 (10 1JIll) C-18
column (Vydac, Hesperia CA 92345) connected to a Shimadzu
HPLC (Shimadzu, Inc., Columbia, MD). This apparatus con­
sisted of two LC-600 pumps, an SIL-6B autoinjector, RF-551
fluorescence detector (excitation 325 nm, emission 370 nm).
Separations were achieved by application of a linear gradient of
12-42% acetonitrile from 0 to 20 minutes in water and HFBA.
Quantification of pentosidine was made by comparison of peak
areas with a pentosidine standard (Vincent Monnier, Cleveland,
OH) injected under identical conditions. A software package
(ShimadzuCLASS-VP 4.2) was used to analyze the data.

PlasmaGlucoseand UricAcid Determination
Blood samples (n = 5) were collected from the wing vein of

birds randomly selected for sacrificeas described above. Glucose
was analyzed by aYSI 2700 Select biochemistry analyzer (YSI,
Inc., Akron, OH). Uric acid was determined using a kit from
Sigma (procedure#685, Sigma Diagnostics,St. Louis, MO).

Leukocyte Isolation and ChemiluminescentAssay
for Oxidative Stress

One milliliter of blood from 125-week-old hens (n == 5 per
group except for the AL group where only two birds remained)
was suspended in mono-poly resolving medium (lCN 16-980­
49, Costa Mesa, CA) and leukocytes were isolated by centrifu­
gation. The total number of leukocytes was counted using a rou­
tine hemocytometric technique. To a 3-mL luminometer tube
were then added 100 JlL ofleukocytes, 100 JlL luminol solution,
200 JlL phosphate-buffered saline (PBS), and 100 J.LL phorbol
myristate acetate (PMA). The luminometer tube was placed into
a luminometer (Berthold model LB 9505C, Wilbad, Germany)
with the temperature control set at 37°C. Oxidative activity was
determined by measuring the luminescence generated over 30
minutes; results were reported as counts per minute (CPM). The
data was analyzed by a PC running KINB software supplied
with the luminometer. Luminescence was corrected for each
group based on the number of leukocytes present.

Statistical Analyses
Data were analyzed by the general linear models procedure

using a 2 X 2 factorial design at each age for all the parameters.
Regression analysis was performed to determine the correlation
between the concentration of Ps and age (30).

RESULTS

PlasmaGlucoseand Body Weight
There was a significant main effect due to diet (AL vs DR)

for body weight (p < .000 1) as well as plasma glucose concen­
trations (p < .004). Hens in the DR group weighed less (p <
.0001) at all ages monitored than those in the AL groups
(Figure 1). Mean plasma glucose concentrations were higher in
DR group (p < .02) at 144,56,68, and 80 weeks as compared
with AL birds (Figure 2). The Diet X AG interactions were not
significant for plasma glucose (p == .36) or body weight (p ==
.23), indicating that supplementation of AG did not significantly
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affect body weight or plasma glucose concentrations over the
study period. The Diet X Age interactions were significantfor
plasmaglucose (p < .00(1) but not for body weight (p = .22).

SkinPentosidine (Ps)
There was a significantmain effectdue to diet (p < .0001)as

well as supplementation withAG (p < .0001) on Ps. Similarly,
therewere significant Diet X AG (p < .0001)and Diet X Age (p
< .0001)interactions. Ps accumulated in a linearfashion withage
inAL-fed birds(p < .0001); DR significantly reducedits accumu­
lationover the 92 weeks (Figure3).Concentrationsof Ps in DR
birdsincreased initially afterhatchandthenplateaued. For theAL
group, concentrations ofPs were0.018± 0.001 pmol/mgcollagen
for 8-week-oldbirds and 0.171 ± 0.018 pmol/mg collagenat 92
weeks of age. Concentrations in the DR group were 0.009 ±
0.0007pmol/mgcollagen and 0.069 ± 0.008 pmol/mg collagen
for 8 and 92 weeks of age, respectively. Supplementation of AG
withAL lowered the rateof Ps accumulation; concentrations of Ps
in theAL +AG groupwerecomparable to thoseof theDR group
(Figure 3).Supplementation of DR birdswithAG waseffective in
loweringmean concentrations ofPs (p < .001)at 32, 44, 68, and
92 weeks of age. The AL +AG group had concentrationsof Ps

ranging from 0.001 ± 0.0009 pmol/mg collagen at 8 weeks to
0.049 ± 0.005 pmol/mgcollagen at 92 weeks,whereas the con­
centrations in the DR +AG group ranged from 0.012 ± 0.002
pmol/mgcollagenat 8 weeksto 0.036± 0.003at pmol/mgcolla­
gen at 92 weeks.

UricAcid and PMA-InducedRespiratoryBurst
There was a significant main effectdue to diet (p < .0001)as

well as supplementationwith AG (p < .003) on concentrations
of uric acid. The Diet X Age (p < .0001) andAG X Age (p <
.003) interactions were also significant. Although concentra­
tions of plasma uric acid were higher in DR compared to AL
group at 32, 44,56, and 68 weeks of age (Figure4), there were
no consistenteffectsof AG on mean concentrations of uric acid
at individual time points. However, a 10% and a 14% increase
in overall mean plasma uric concentrationin AL + AG and DR
+ AG as compared to AL and DR groups were observed, re­
spectively. Similarly, there was a significantmain effect due to
diet (p < .0001) and supplementation with AG (p < .0001) in
PMA-induced respiratory bursts. The Diet X AG interaction
was also significant (p < .0001). PMA-induced respiratory
bursts in leukocytes were significantlyretarded in DR and AG-

0.2

6

92806832

IOAL EjAL+AG _DR DDR+AGI

20

0.18

i 0.16

If15 0.14
(,)

~ 0.12

=a! 0.1

! 0.08
'6! 0.08

'E
:. 0.04

0.02

44 5&

Age (wks)

Figure 3. Effect of age, diet restriction (DR), and aminoguanidine (AG) on
skin pentosidine (Ps). Each point is the mean (n = 5) ± SEM. *p < .05 and **p
<.001.
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Figure 1. Effect of age, diet restriction (DR), and aminoguanidine (AG) on
body weight (BW). Each point is the mean (n =5) ± SEM. *p < .0001 between
dietarygroups (AL vs DR).
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Figure 4. Effect of age, diet restriction (DR), and aminoguanidine (AG) on
concentrationsof plasma uric acid. Each point is the mean (n =5) ± SEM. *p <
.05 and **p < .0001(AL vs DR).
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Figure 2. Effect of age, diet restriction (DR), and aminoguanidine (AG) on
concentrationsof plasma glucose. Each point is the mean (n = 5) ± SEM. *p <
.02 (AL vs DR).
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supplemented groups (p < .0001) (Figure 5). DR lowered
PMA-induced respiratory burst and AG further enhanced that
effect (Figure 5).

DISCUSSION

Contrary to expectations, the higher-than-mammalian con­
centrations of glucose in AL birds were not associated with
higher-than-mammalian concentrations of Ps. In fact, Ps con­
centrations in the hens (0.171 ± 0.018 pmol/mg collagen at 92
weeks of age for AL-fed birds) were markedly lower than those
reported in mammals (29 pmol/mg for human skin collagen
and 10 pmol/mg for bovine tendon collagen, commercial Type
I insoluble collagen) (11). Thus, the formation of pentosidine,
and, hence, possibly other AGEs, may not solely depend on
high concentrations of plasma glucose per se, even in the pres­
ence of elevated basal temperatures and metabolic rates, as
found in birds. In fact, glycosylated collagen may stimulate the
oxidation process and lead to pentosidine formation (31), al­
though only 0.4-20% collagen by weight is reported to be gly­
cosylated (32,33). In addition, whether the chemical composi­
tion of avian collagen with respect to arginine/lysine is
responsible for reduced crosslink formation as compared to
mammals remains to be established. The accumulation of Ps in
AL birds was linear over the 92-week sampling period (Figure
6), comparable to the results reported in mammals (shrew, mon­
key, dog, pig, cow, rat, and human) (11,34).

One of our most interesting results is the finding that, despite
the fact that DR reduced concentrations of Ps, it did not pro­
duce a corresponding reduction in concentrations of plasma
glucose. In this study, in contrast to the prediction of the glyco­
sylation theory of aging, which states that glucose or other
products of carbohydrate metabolism are important contribu­
tors to the aging process so that DR (and a corresponding re­
duction in concentrations of plasma glucose) would be ex­
pected to reduce tissue protein glycosylation and AGE
accumulation, DR birds had decreased concentrations of Ps (p
< .001), coupled with increased average concentrations of
plasma glucose (p ::; .05), when compared to AL birds.

Variable effects of DR have been reported in the literature.
For example, a 10% decrease in blood glucose concentrations in
DR rats (14) decreased the glycation of proteins by 18-33%. A

similar observation was noted in a separate study; an approxi­
mately 11% decrease in glucose in DR animals was associated
with a 34% reduction in glycated hemoglobin (Hb) (35). The
reason for this is unknown; however, a decrease in the level of
oxidative stress in birds (DR as compared to AL) may limit the
formation of glycoxidation products by increasing antioxidant
enzymes (36-38), this limitation being present in spite of higher­
than-mammalian basal temperatures and concentrations of glu­
cose. Strengthening the antioxidant defenses of diabetics by di­
etary supplementation of vitamins C and E has been reported to
decrease protein glycation without an effect on glycemia
(39-41).These observations suggest that a decrease in oxidative
stress in DR animals contributes to the observed decrease in pro­
tein glycation. This might result from changes in ascorbate
homeostasis or the ratio of vitamin E to polyunsaturated lipid
concentrations in DR as compared to AL animals (14). In the
present study, a 4% increase in mean overall plasma glucose
concentration was associated with a 99% decrease in mean Ps
concentration. Although several studies have firmly established
that collagen glycosylation is increased with elevated concentra­
tions of glucose both in vivo and in vitro, and that this glycosy­
lation increases with age in several tissues, other studies have
failed to demonstrate anything more than a loose relationship
between crosslinking and glycosylation, either in vivo or in vitro
(42-46). Furthermore, Beuchat and Chong (47) reported that, in
spite of circulating concentrations of plasma glucose in excess
of 650 mg/dL, the amount of glycated Hb in hummingbirds
(2-5%) is lower as compared to mammals which have levels
ranging from 6-8%. These data suggest that class aves may also
have a more efficient antioxidant system which limits the gener­
ation of glycoxidation products. Indirect evidence to support this
view includes the observation that, in spite of an increased
metabolic rate, the production of oxygen free radicals in avian
(red-tailed hawk and chicken) heterophils was significantly
lower than in analogous bovine neutrophils (48). In another
study comparing pigeons and rats, researchers found that mito­
chondrial generation of both oxygen free radicals and peroxides
was lower in pigeons, and that pigeons had higher antioxidant
activities (49). Antioxidants such as vitamin A (retinol and
retinyl esters) and a-tocopherol (vitamin E) have been found in
higher concentrations in birds than in mammals (50).
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Figure 5. Effect of age, diet restriction, and AG on PMA-induced respiratory
burst. Each point is the mean (n =5) ± SEM, exceptAL (n =2). Groups with
different letters differ significantly (p < .00(1).
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Uric acid is one of the circulating antioxidants that demon­
strates a positive correlation with maximum life span across
species (51,52). Humans, the most long-lived among primates,
have comparably high levels of uric acid because they lack uri­
case, the terminal degradative enzyme present in monkeys and
other mammals (51,53). In support of this concept, the lower
levels of uric acid in macaques (three-fold as compared to hu­
mans) correlate with a three-fold shorter life span as compared
to humans (54). Uric acid not only demonstrates a stabilizing
influence on ascorbate in human blood (55), enhancing its role
as a free radical scavenger (51,52), it also functions as a noncat­
alytic binder of iron and iron-containing compounds that would
otherwise catalyze the oxidation of ascorbate. This being the
case, many species of birds must far surpass mammals in their
ability to cope with free radical damage.

Uric acid has been proposed as a potent scavenger of free
radicals in human and animal tissues (56,57). Uric acid is ubiq­
uitous; it is found in all types of extracellular fluids including
the lymphatic, cerebrospinal fluid (CSF), interstitial, synovial,
intraocular, and amniotic fluids as well as in the lining of the
respiratory tract (56). In fact, a reduction in uric acid concentra­
tions is associated with an increase in reperfusion injury (infarct
extension) in humans following myocardial infarction (58).
Urate demonstrates, in vitro, the ability to scavenge peroxides,
various hydroxyl radicals, and hypochlorous acid (56,57).
Because the concentrations of plasma uric acid in birds are ap­
proximately twice greater than the urate concentrations mea­
sured in humans (59,60), we propose that the lower tissue con­
centrations of Ps in birds as compared to mammals are due to a
more efficacious avian antioxidant system. Although several
different antioxidants are present in the body system of birds,
we suggest that uric acid may play an important role in coping
with oxidative stress. However, the results from these studies do
not support a predominant role for uric acid as the agent by
which PMA-induced respiratory burst and Ps were reduced in
DR and AG-supplemented birds.

The supplementation of an AL-fed animal with AG reduced
the concentration of Ps to that measured in a DR animal. The
reduction in concentrations of Ps in AL + AG birds was associ­
ated with a 10% overall mean increase in uric acid and a con­
comitant 302% reduction in PMA-induced respiratory bursts in
blood leukocytes. On the other hand, in the DR + AG group,
the overall decrease in Ps was 43%, whereas these birds showed
an overall increase in uric acid of 14%, with an 85% reduction
in PMA-induced respiratory bursts. DR has been shown to
lower oxidative stress by modulating free radical production
and increasing the concentration of antioxidant enzymes
(36-38). Whether AG's mechanism of action in lowering ox­
idative stress mimics that of DR remains to be established.
Reduced glycation as a result of reduced oxidative stress, in AL
supplemented with AG as well as in DR birds, should increase
longevity as suggested by the free radical theory of aging.

It is concluded that the glycosylation process may not be the
primary cause of glucose-derived crosslinks and that the rate of
accumulation of Ps can be retarded by DR and AG. Birds ap­
pear to be able to retard the accumulation of glycoxidation
products and their associated tissue damage in a more effective
manner than mammals. This observation has important clinical
applications in that a newly diagnosed diabetic patient may be
able to limit or even prevent the accelerated accumulation of

crosslinkages and the associated tissue degeneration. In regard
to animal agriculture, the reduction in crosslinks may ultimately
translate into an improvement in carcass composition and meat
tenderness as well as an increase in production cycles for cer­
tain species.

ACKNOWLEDGMENTS

The authors would like to thank Drs. Vincent M. Monnier (Dept. of
Pathology,Case WesternReserve University,Cleveland,OH) for supplying the
pentosidine standard,Knox VanDyke (Dept. of Pharmacologyand Toxicology,
West Virginia University, Morgantown, WV) for his assistance in measuring
oxidative stress,and Edwin C. Townsend(Agricultureand Forestry Experiment
Station, WestVirginiaUniversity,Morgantown, WV) for his help with the sta­
tistical analyses.

ScientificArticleNo. 2674, published with the approvalof the West VIrginia
University,Agriculturaland Forestry ExperiementStation.

Address correspondence to Hillar Klandorf, PhD, Division of Animal and
Veterinary Sciences, West Virginia University, PO Box 6108, Morgantown,
WV 26506-6108.E-mail:hkland@wvu.edu

REFERENCES

1. Holmes D, Austad S. Birds as animal models for the comparativebiology
of aging: a prospectus.J GerontalBioi Sci. 1995;50A:B59-B56.

2. Lindstedt S, Calde W. Body size and longevity in birds. Condor.
1976;78:91-94.

3. Austad S, Fischer K. Mammalian aging, metabolism, and ecology: evi­
dence frombats and marsupials.J Gerontal BioiSci. 1991;46:B47-B53.

4. Hannan D. Aging: a theory based on free radical and radiation chemistry.
J GerontalBioiSci. 1956;11:289-300.

5. DelMaestroR. An approach to free radicals in medicine and biology.Acta
PhysiolScand. 1980;492:153-168.

6. Sohal R, Allent R. Oxidative stress as a causal factor in differentiations
and aging: a unifyinghypothesis.Exp Gerontal. 1990;25:499-522.

7. Cerami A. Hypothesis:glucose as a mediator of aging. JAm GeriatrSoc.
1985;33:626-634.

8. Monnier V. Toward a Maillard reaction theory of aging. Prog Clin Bioi
Res. 1989;304:1-22.

9. Bucala R, CeramiA. Advanced glycosylation: chemistry,biology,and im­
plicationsfor diabetesand aging.Adv Pharmacal. 1992;23:1-34.

10. Vlassara H, Bucala R, Striker L. Pathogeniceffects of advanced glycosy­
lation: biochemical, biologic, and clinical implications for diabetes and
aging. Lab Invest. 1994;70:138-151.

11. Sell D, MonnierV. Structural elucidation of a senescence cross-link from
human extracellularmatrix: implicationof pentoses in the aging process.J
Bioi Chern. 1989;264:21597-21602.

12. Grandhee S, Monnier V. Mechanisms of the formation of the Maillard
protein crosslink pentosidine: ribose, glucose, fructose, and ascorbate as
pentosidineprecursors.J Bioi Chern. 1991;266:11649-11653.

13. Dyer DG, Blackledge JA, Thorpe SR, Baynes W. Formation of pentosi­
dine during nonenzymaticbrowning of proteinsby glucose: identification
of glucose and other carbohydrates as possible precursors of pentosidine
in vivo.J Bioi Chern. 1991;266:11654-11660.

14. Cefalu WT, Bell-FarrowAD, Wang ZQ, SonntagWE, Fu M, Baynes JW,
Thorpe SR. Caloric restriction decreases age-dependent accumulation of
the glycoxidationproducts, N-(carboxymethyl)lysine and pentosidine, in
rat skin collagen.J GerontalBioi Sci. 1995;50:B337-B3341.

15. Kristal, B, Yu B. An emerging hypothesis: synergisticinduction of aging
by free radicals and Maillard reactions. J Gerontal Bioi Sci. 1992;47:
BI07-BI14.

16. Baynes JW. Perspectivesin diabetes. Role of oxidative stress in develop­
ment of complicationsin diabetes.Diabetes. 1991;40:405-412.

17. Dyer DG, Dunn JA, Thorpe SR, and Lyons TJ. Accumulation of Maillard
reaction productsin skin collagen in diabetes and aging.Ann NY Acad Sci.
1992;663:421-422.

18. Weindruch R, Walford RL. The Retardation ofAging and Disease by
DietaryRestriction. Springfield,IL: Charles C. Thomas; 1988.

19. Snyder DL, ed. Dietary Restriction and Aging: Proceedings of the
Symposiumon the EffectsofDietary Restriction of Aging and Disease in
Germfree and Conventional Lobund-WistarRats.NewYork:Alan R. Liss;
1989:289.

D
ow

nloaded from
 https://academ

ic.oup.com
/biom

edgerontology/article-abstract/54/4/B171/526144 by G
overnm

ent user on 21 O
ctober 2019



B176 IQBALETAL.

20. Khatan M, Soldan Z, David I, Li W, Rockey JH. Inhibitory effects of pyri­
doxal phosphate, ascorbate, and aminoguanidine on nonenzymatic glyco­
sylation. Life Sci. 1988;43:1725-1731.

21. Odetti PR, Borgoglio A, Pascale AD, Polandi R, Adezati L. Prevention of
diabetes-increased aging effect on rat collagen-linked fluorescence by
aminoguanidine and rutin. Diabetes. 199O;39:796L-801L.

22. Oxuland H, Andreassen T. Aminoguanidine treatment reduces increase in
collagen stability of rats with experimental diabetes mellitus.
Diabetologia. 1992;35a: 19-25.

23. Wu G. Nitric oxide synthesis and effect of aminonguanidine and N­
monomethyl-L-arginine on the onset of diabetes in spontaneously diabetic
BB rats. Diabetes. 1995;44:364-365.

24. Booth AA, Khalifah RG, Todd P,Hudson BG. In vitro kinetic studies of
formation of antigenic advanced glycation end products (AGEs): novel in­
hibition of post-Amadori glycation pathways. J Bioi Chem. 1997;272:
5430-5437.

25. Klandorf H, Holt S, McGowan J, Pinchasov Y, Deyette D, Peterson R.
Hyperglycemia and non-enzymatic glycation of serum and tissue proteins
in chickens. CompBiochemPhysiol. 1995;IIOC/2:2l5-220.

26. Monnier VM, Vishwanath, Frank KE, Ehnets CA, Dauchot P,Kohn RR.
Relation between complications of type I diabetes mellitus and collagen­
linked fluorescence. N Eng] Med. 1986;3l4:40~08.

27. Sell DR, Lapolla A, Odetti P,Fogarty J, MonnierVM. Pentosidine forma­
tion in skin correlates with severity of complications in individuals with
long-standing IDDM. Diabetes. 1992;41:1286-1291.

28. Maekawa T, Ratinasamy YK, Altman KI, Forbes WE Changes in collagen
with age-I. The extraction of acid soluble collagens from skin of mice.
Exp Gerontol. 1970;5:177-186.

29. Iqbal M, Probert LL, Klandorf H. Effect of aminoguanidine on tissue pen­
tosidine and reproductive performance in broiler breeders. Poultry Sci.
1997;76: 1574-1579.

30. SAS Institute. SAT/STAT User's Guide: Statistics: Release 6.04. Cary,
NC. SAS Institute Inc.; 1990.

31. Paul RG, Bailey AI. Glycation of collagen: the basis of its central role in
the late complications of aging and diabetes. Int J Biochem Cell Biol.
1996;28:1297-1310.

32. Bailey AI, Light NO. The structure and growth of muscle. In: Lawrie RA,
ed. Meat Science.5th ed. Elmsford, NY Pergamon Press; 1989:27-47.

33. Voet D, Voet JG. Three-dimensional structure of proteins. In: Stiefel J, ed.
Biochemistry. Ist ed, New York, NY John Wiley & Sons; 1990:144-190.

34. Sell DR, Lane MA, Johnson WA, et al. Longevity and the genetic deter­
mination of collagen glycoxidation kinetics in mammalian senescence.
ProcNatl Acad Sci USA. 1996;93:485-490.

35. Masoro E, Katz M, McMahan C. Evidence for the glycation hypothesis of
aging from the food-restricted rodent model. ] Gerontol Bioi Sci.
1989;44:B20-B22.

36. Youngman LD, Park J-YK, Ames BN. Protein oxidation associated with
aging is reduced by dietary restriction of proteins or calories. Proc Natl
Acad Sci USA. 1992;89:9112-9116.

37. Yu Bp, Masoro EJ, Murafa I, Berfrand HQ, Lynd FT. Life-span study of
SPF Fischer 344 males rats fed ad libitum or restricted diets: longevity,
growth, lean body mass and disease. J Gerontol. 1982;37:130.

38. Yu BP. How diet influences the aging process of the rat. ProcSoc Exp Bioi
Med. 1994;205:97-107.

39. Ceriello A, Guigliano D., Quataro A, Donzella C, Dipalo G, Lefebvre PJ.
Vitamin E reduction of protein glycosylation in diabetes. Diabetes Care.
1991;14:68-72.

40. Aoki Y, Yanagisawa Y, Yazaki K, Oguchi H, Kiyosawa K, Furuta S.
Protective effect of vitamin E supplementation on increased thermal sta­
bility of collagen in diabetic rats. Diabetologia. 1992;35:913-916.

41. Davie SJ, Gould BJ, Yadkin JS. Effect of vitamin C on glycosylation of
protein. Diabetes. 1992;41:167-173.

42. Guitton JD, LePape A, Muh JP. Influences of in vitro non-enzymatic gly­
cosylation on the physicochemical parameters of Type I collagen.
Collagen RelatRes. 1984;4:253-264.

43. LePape A, Guitton JD, Muh JP. Distribution of non-enzymatically bound
glucose in vivo and in vitro glycosylated Type I collagen molecules. FEBS
Lett. 1984;170:23-27.

44. Lyons TJ, Bailie KE, Dyer DG, Dunn JA, Baynes JW. Decrease in skin
collagen glycation with improved glycemic control in patients with in­
sulin-dependent diabetes mellitus..f ClinInvest. 1991;87:1910-1915.

45. Fu M-X, Wells-Kneet KI, Blackledge JA, Lyons TJ, Thorpe SR, Baynes
JW.Glycation, glycoxidation and crosslinking of collagen by glucose: ki­
netics, mechanisms, and inhibition of late stages of the Maillard reaction.
Diabetes. 1994;43:676-683.

46. Monnier V, Glomb M, Elgawish A, Sell D. The mechanism of collagen
cross-linking in diabetes: a puzzle nearing resoltuion. Diabetes. 1996;45:
S67-572.

47. Beuchat, CA, Chong CR. Hyperglycemia in hummingbirds: implications
for hummingbird ecology and human health. FASEB1. 1997; 11:A91.

48. Conlon P,Smith D, Gowlett T. Oxygen radical production by avian leuko­
cytes.Can]VetRes. 1991;55:193-195.

49. Ku H, Sohal RS. Comparison of mitochondrial prooxidant generation and
antioxidant defenses between rat and pigeon: possible basis of variation in
longevity and metabolic potential. MechAging Dev. 1993;72:67-76.

50. Schweiger FF, Uehlein-Harrell S, Von Hegel G, Wiesner H. Vitamin A
(retinol and retinyl esters), a-tocopherol and lipid levels in plasma of cap­
tive wild mammals and birds. ZentralblVeterinarmed. 1991;A38:35-42.

51. Ames BN, Cathcart R, Schwiers E, Hochstein P. Uric acid provides an an­
tioxidant defense in humans against oxidant- and radical-caused aging and
cancer: a hypothesis. ProcNatlAcad Sci. 1981;78:685~862.

52. Cutler RG. Urate and ascorbate: their possible roles as antioxidants in de­
termining longevity of mammalian species. Arch GerontolGeriatr. 1984;
3:321-348.

53. Schreiber G, Tiemeyer W, Flurer CI, Zucker H. Purine metabolites in
serum of higher primates, including man. IntJ Primatol. 1986;7:521-531.

54. Short R, Williams DD, Bowden DM. Circulating antioxidants as determi­
nants of the rate of biological aging in Pigtailed Macaques (Macaca
nemestrinaj. J GerontolBioi Sci. 1997;52A:B26-B30.

55. Sevanian A, Davies KIA, Hochstein P. Serum urate as an antioxidant for
ascorbic acid. Am] ClinNutr. 1991;54:1129S-1143S.

56. Becker FB. Towards the physiological function of uric acid. Free Radic
BioiMed. 1993;14:615-631.

57. Hellsten Y, Tullson PC, Richter EA, Bangsbo J. Oxidation of urate in
human skeletal muscle during exercise. Free Radical Bioi Med.
1997;22:169-174.

58. Parmley L, Mufti AG, Downey 1M. Allopurinol therapy of ischemic heart
disease with infarct extension. Can] Cardio. 1992;8:280-286.

59. Bishop ML, Duben-Engelkink JL, Fody EP. Clinical Chemistry,
Principles, Procedures, Correlations. 2nd ed. Philadelphia, PA: Lippincott;
1992.

60. Shapiro F, Mahagna M, Nir I. Stunting syndrome in broilers: effect of glu­
cose or maltose supplementation on digestive organs, intestinal disaccari­
dases, and some blood metabolites. PoultrySci. 1997;76:369-380.

ReceivedMay 4, 1998
Accepted October19,1998

D
ow

nloaded from
 https://academ

ic.oup.com
/biom

edgerontology/article-abstract/54/4/B171/526144 by G
overnm

ent user on 21 O
ctober 2019




