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Protein glycation and accumulation of advanced glycosylated end-products (AGEs) are supposed to play an impor-
tant role in the process of aging. Dietary restriction increases life span and delays the onset of most age-associated
diseases. Age-dependent changes in glucose homeostasis and glycated plasma proteins and hemoglobin were deter-
mined, and AGEs formation was measured as fluorescence in skin and aortic collagens in male Sprague-Dawley
rats fed ad libitum or subjected to every-other-day feeding or 40% food restriction. In aging control rats, skin and
aortic collagen-linked fluorescence increased with a similar exponential curve (aortic values being always higher),
whereas glycated plasma protein and hemoglobin decreased slightly. Dietary restrictions decreased glycated plasma
proteins and fluorescent products in skin collagen of younger but not older rats, and did not affect glycated
hemoglobin or aortic collagen fluorescence. In conclusion, our data indicate that age-related changes in glucose
homeostasis do not play a substantial role in aging; and collagen-linked fluorescence increases significantly during
aging, but it may not be sensitive to dietary intervention.

THE term glycation (nonenzymatic glycosylation) de-
notes a multireaction pathway whereby the free alde-

hyde group of sugars reacts with primary ami no groups of
proteins leading to the formation of an unstable Schiff-base
type compound (aldimine). In long-lasting biological
molecules only, the rearranged products may undergo fur-
ther transformations that finally lead to the formation of ir-
reversible complexes known as heterogeneous advanced
glycosylation end-products (AGEs) (1). The Maillard reac-
tion refers to all reactions encompassing the initial, inter-
mediate, and advanced glycosylation end-product reactions;
most available data have been generated by measurements of
protein-linked fluorescence (2,3).

The main factors responsible for AGE product accumu-
lation include the concentration of blood glucose, the time
of exposure of proteins to the sugar (mainly depending on
the protein turnover), and the rate of their removal by tissue
macrophages (4,5). Not only the first, but also the last of
these factors can be modulated by insulin (6). In addition,
temperature could be important in determining the rate of
protein modifications.

From a gerontological perspective, it is interesting that
advanced glycation shows a progressive age-related in-
crease in skin and tendon collagen (7), basement mem-
brane proteins (8), and lens crystallin (9). It has been re-
ported that the accumulation of fluorescent AGE products
can alter the function of nucleic acids (JO) and proteins, in-
cluding collagen (11); it may be responsible for several
age-associated diseases, and it also plays a role in normal
aging processes (12). On the other hand, very little is
known with regard to the effects of dietary restriction, a
treatment that increases life span, retards a broad spectrum
of age-related physiological changes, and delays or pre-
vents many age-associated diseases (13).

We investigated the effects of aging on the accumulation
of stable glycation products of certain proteins with differ-

ent turnover rates, located in different compartments,
namely collagen, plasma proteins, and hemoglobin. These
proteins were studied in animals either fed ad libitum or
subjected to two different types of food restriction, namely
every-other-day feeding (14) and the more widely used
40% restriction (15). Despite their similar effectiveness on
aging modulation, these two dietary regimens are charac-
terized by different effects on carbohydrate metabolism and
insulin function (16).

MATERIALS AND METHODS

Animals.—Male Sprague-Dawley albino rats were pur-
chased from Nossan (Milan, Italy) at 2 months of age, ran-
domly divided into three groups, and subjected for varioiis
lengths of time to the following dietary regimens: (a) ad li-
bitum feeding (AL, controls); (b) every-other-day feeding
ad libitum (EOD); and (c) 40% food restriction (40% DR),
i.e., this last group received 60% of the amount consumed
by the ad libitum group. The animals were subjected to a
controlled 12-h dark-light cycle and received a standard
(Randoin Causeret) pellet diet. Food administration was
adjusted weekly, and body weight was measured at 4-week
intervals.

As to the mortality rate of the animals used in this study,
the surviving rats in the AL, EOD, and 40% DR groups
were 90%, 95%, and 100%, respectively, at 5 months of
age; 80%, 92%, and 90%, respectively, at 12 months; 43%,
90%, and 81%, respectively, at 18 months; 35%, 80%, and
70%, respectively, at 24 months.

Preparation of tissues.—Animals were anesthetized with
sodium pentobarbital (50 mg/kg i.p.), and blood samples
were taken from the tail vein and collected in EDTA-
treated tubes for the measurement of glycated hemoglobin
and plasma glucose, insulin, and glycated proteins.
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Samples of abdominal skin and segments of thoracic aorta
were then excised, freed from extraneous tissue, flushed with
isotonic saline, and frozen at -80°C until analysis.

Assays.—Plasma glucose was assayed by a glucose-
oxidase technique (Glucinet, Sclavo, Siena, Italy). Insulin
was measured by radioimmunoassay in accordance with
Herbert et al. (17) using rat insulin as a standard. The sensi-
tivity and the coefficients of variation of the radioim-
munoassay were as follows: detection limit 0.13 ng/ml, in-
traassay variation 3.1%, interassay variation 10.2%.

Measurement of glycated hemoglobin and plasma pro-
teins was performed by boronic affinity chromatography
(18), using a commercially available kit (Glycotest, Pierce
Chemical, Rockford, IL).

Preparation of collagen digests.—The procedure de-
scribed by Monnier et al. (19) was followed with minor mod-
ifications. On the day of analysis, skin samples were frozen
in liquid nitrogen to allow an easier removal of epidermis
and fat with a razor blade. The residual tissue was washed in
0.15 M saline, minced in 10 ml of cold phosphate-buffered
saline (pH 7.4), and homogenized for 60 sec with an Ultra
Turrax homogenizer (Janke & Kuntel KG, IKA-Werk,
Staufen, Germany). The aortic samples were washed and
then finely minced with dissecting scissors (20,21).

The samples were extracted with chloroform-methanol
(2:1) for 24 h at 4°C to remove lipids and washed with
methanol and water. Collagen digestion was carried out for
24 h at 37°C in shaking bath by using 250 U of type VII
collagenase (Sigma, St. Louis, MO), which resulted in 96%
solubilization of the collagen. The clear supernatant, result-
ing from centrifugation of the digest, was used for determi-
nation of fluorescence and hydroxyproline content, as indi-
cated by hydroxyproline measurement of the re-digested
pellet.

One milliliter of distilled water was added to the super-
natant to make hydroxyprolin concentration range of 600-
800 ug and fluorescence was measured against water, at an
emission wave length of 440 nm on an excitation wave
length of 370 nm, by a fluorescence spectrometer (Perkin-
Elmer 650-1 OS).

All fluorescence values were corrected for collagenase
blanks. Results were expressed in arbitrary fluorescence
units per milligram of collagen. Collagen content was cal-
culated on the base of hydroxyproline measurements in the
digests assuming a hydroxyproline content of 14% in colla-
gen by weight (22). Hydroxyproline was assayed in accor-
dance with the method of Stegemann and Stalder (23), as
modified by Maekawa et al. (24).

Statistical analysis.—Data are expressed as means ±
SEM. Statistical analysis included determination of regres-
sion lines and relative correlation coefficients. The statisti-
cal significance of the effects of age and type of food re-
striction on plasma glucose and insulin levels, as well as
their interactions, glycated plasma proteins and hemo-
globin, and collagen-linked fluorescence were assessed by
analysis of variance (ANOVA). Tukey post-test with multi-
ple comparisons was also used.

A specific power analysis was presented for key non-
significant results (25).

RESULTS

Animals' body weight.—The changes in animals' body
weights during the 22-month experimental period are illus-
trated in Figure 1. From our data, EOD and 40% DR rats
weighed less than control rats by 28% and 36% on aver-
age, respectively.

Plasma glucose and insulin levels.—Table 1 shows
plasma glucose and insulin levels in fed rats of various
ages, subjected to different dietary regimens. The effect of
age on plasma glucose concentrations was not significant
[F(3,6l) = .47, n.s.]. In EOD rats, glucose concentrations
were similar to those of controls at all ages. Glycemic lev-
els of 40% DR rats were significantly lower than controls
after 3 months of dietary treatment (-30%) and remained
stable at these lower values throughout their lifetime, as as-
sessed by Tukey test between diets. A significant effect of
age on plasma insulin concentrations was found |F(3,59) =
9.82, p < .01]. A significant effect of food restriction on in-
sulinemia was also observed [F(2,59) = 8.95, p < .01], at-
tributable mostly to 40% DR (Tukey test).

Table 2 summarizes the changes in plasma glucose and in-
sulin levels in control and food-restricted rats after 24 h fast-
ing. No statistically significant difference was found for
plasma glucose values as a function of age |F(3,60) = 2.24,
n.s.]. Glycemic values in controls and EOD were similar, and
higher than in 40% DR rats (Tukey test). In regard to plasma
insulin, the effects of age and food restriction were both sig-
nificant [F(3,54) = 32.51, p < .01 and F(2,54) = 4.47, p < .05,
respectively]. The interaction between age and food restric-
tion was also significant [F(6,54) = 2.57, p < .05]. Indeed,
plasma insulin levels were unchanged between 2 and 18
months and increased significantly at 24 months in control
and EOD rats; in oldest 40% DR, insulinemia was signifi-
cantly lower than in age-matched EOD animals (Tukey test).

Glycated plasma proteins and hemoglobin.—The levels
of the Amadori products that accumulated in the plasma
proteins of experimental animals are shown in Table 3.
By ANOVA, the effects of age and that of food restric-
tion were both significant [F(3,60) = 2.9, p < .05 and
F(2,60) = 15.05, p < .01, respectively]. In particular, in
food-restricted rats the levels of glycated plasma proteins
decreased transiently after 3 months of dietary regimen,
without any significant difference between the two types of
dietary restriction, as assessed by Tukey test.

The percentages of glycated hemoglobin in control and
food-restricted rats are shown in Table 4. Unlike the case of
plasma proteins, total glycated hemoglobin increased by
approximately 33% after 2 months of age. Thereafter, val-
ues remained unchanged until 18 months and declined sig-
nificantly at 24 months (Tukey test). The effect of food re-
striction was not significant.

Advanced glycosylation end products (AGE products).—
The accumulation of AGE products, a possible biomarker
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Figure I. Body weights of control ( • ) , every-other-day feeding (^) , and 40% food restricted (•) Sprague-Dawley rats.
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Table 1. Plasma Glucose and Insulin Levels in Nonfasted Sprague-Dawley Rats of Various Ages, Subjected to Different Dietary Regimens

Age
(months)

2
5
12
18
24

Plasma
Glucose*
(mg/dl)

128 ±2
122 ± 10
120 ±4
125 ±4
125 ± 9

Controls

Plasma
Insulinf
(ng/ml)

4.3 ± 1.0
4.5 ± 0.7
6.3 ± 1.2
5.3 ±0.5
8.3 ±0.8

Plasma
Glucose
(mg/dl)

—

123 ± 5
128 ± 9
115 + 8
132 ±6

EOD

Plasma
Insulin
(ng/ml)

—

2.8 ±0.9
6.0 ± 0.4
4.0 ± 0.8
7.8 ± 0.4

Plasma
Glucose
(mg/dl)

—

90 ± 5
96 ± 6

100 ± 8
98 ± 12

40% DR

Plasma
Insulin
(ng/ml)

—

3.0 ± 0.9
1.6 ±0.2
1.2 ±0.2
7.5 ±2.4

Notes: Results are expressed as means ± SEM of 4-9 observations. In plasma glucose, differences between controls versus 40% ad libitum (DR) and dietary
restriction (EOD) versus 40% DR were significant; difference between controls versus EOD was not significant. In plasma insulin, difference between con-
trols and 40% DR only was significant; differences between following ages were significant: 5 versus 24 mo; 12 versus 24 mo; 18 versus 24 mo (Tukey test).

*Plasma glucose: F(age) = 0.47 (df = 3, 61) n.s. (power = 74%; 8 = 20 ng/ml, <$> = 1.5, SD = 21.3); F(diet) = 18.6 (df = 2, 61) p < .01; F(interaction) =
0.43 (df = 6, 6l)n.s.

tPlasma insulin: F(age) = 9.82 (df = 3, 59) p < .01; ^(diet) = 8.95 (df = 2, 59) p < .01; ^(interaction) =1.13 (df = 6, 59) n.s.

of aging, was investigated in the long-lived protein, colla-
gen, from two different locations. Figure 2 shows the effect
of aging on fluorescence values of insoluble subcutaneous
collagen in rats fed ad libitum or subjected to dietary re-
strictions. In control rats, skin fluorescence levels increased
following an exponential curve (y = 6.26e<)080\ r = .827, p <
.01). Actually, the values of skin collagen fluorescence were
unchanged during the first 7 months of age, then rose,
showing two sharp increments, the first between 9.5 and 12
months, and the second between 18 and 24 months. At this

latter age, subcutaneous collagen-linked fluorescence was
sixfold that of 2-month-old animals. It may be interesting to
notice that the real fluorescence value obtained at 12
months of age was much higher than the expected value of
the best fit curve.

In both 40% DR and EOD rats, a similar age-related
increase in fluorescence occurred, best fitted by exponen-
tial curves (y = 5.79en()78\ r = .855, p < .01 in EOD and y =
5.43e008(), r = .857, p < .01 in 40% DR rats). A significant
effect of food restriction on fluorescence was observed
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Table 2. Plasma Glucose and Insulin Levels Measured After 24 h Fasting in Sprague-Dawley Rats of Various Ages,
Subjected to Different Dietary Regimens

Age
(months)

2
5
12
18
24

Plasma
Glucose*
(mg/dl)

I I 5 ± 6
III ±8
96 ± 4

104 ± 5
119±8

Controls

Plasma
Insulin!
(ng/ml)

2.7 ± 0.4
1.9 ±0.1
2.5 ±0.6
2.7 ±0.8
5.2 ±0.6

Plasma
Glucose
(mg/dl)

—

96 ± 7
103 ± 5
102 ±5
107 ± 6

EOD

Plasma
Insulin
(ng/ml)

—

1.9 ±0.3
2.5 ±0.5
1.4 ±0.2
6.6 ± 0.5

t

Plasma
Glucose
(mg/dl)

—
96 ± 11
88 ± 8
81 ± 3
92 ± 7

10% DR

Plasma
Insulin
(ng/ml)

—
1.4 ± 0.4
1.6 ±0.3
1.8 ±0.2
3.7 ±0.4

Notes; Results are expressed as means ± SEM of 4-9 observations. In plasma glucose, differences between controls versus 40% DR and EOD versus
40% DR were significant; difference between controls versus EOD was not significant. In plasma insulin, difference between EOD and 40% DR only was
significant; differences between following ages were significant: 5 versus 24 mo; 12 versus 24 mo; 18 versus 24 mo (Tukey test).

*Plasma glucose: F(age) = 2.24 (df = 3. 60) n.s. (power = 85%; 5 = 20 ng/ml, <j> = 1.8, SD = 17.9); F(diet) = 6.1 (df = 2, 60) p < .01; F(interaclion) =
1.03 (df = 6, 60)n.s.

tPlasma insulin: F(age) = 32.51 (df = 3, 54) p < .01; F(diet) = 4.47 (df = 2, 54) p < .05; F(interaction) = 2.57 (df = 6, 54) n.s.

Table 3. Glycated Plasma Protein Levels in Sprague-Dawley Rats
of Various Ages Subjected to Different Dietary Regimens

Table 4. Glycated Hemoglobin Levels in Sprague-Dawley Rats of
Various Ages Subjected to Different Dietary Regimens

Age
(months)

2

5

12

18

24

Controls

2.10 ±0.23
(8)

1.92 ±0.37
(4)

2.13 ± 0.11
(5)

1.70 ± 0.12
(7)

1.70 ±0.21

(ID

Glycated Plasma Proteins (%)

EOD

0.97 ±0.10
(5)

1.47 ±0.11

(4)
1.38 ±0.08

(5)
1.47 ±0.33

(9)

40% DR

0.81 ±0.26
(4)

1.24 ±0.08
(4)

1.38 ±0.07
(5)

1.34 ±0.12
(6)

Age
(months)

2

5

12

18

24

Controls

1.9 ± 0.07
(10)

2.5 ± 0.07

(6)
2.5 ±0.06

(12)
2.6 ± 0.09

(9)
2.1 ±0.13

(18)

Glycated Hemoglobin (%)

EOD

2.4 ± 0.08
(6)

2.5 ± 0.05
(7)

2.5 ± 0.07
(5)

1.9 ±0.20
(ID

40% DR

2.5 ± 0.09
(6)

2.5 ± 0.06
(7)

2.5 ± 0.08
(10)

2.0±0.13
(ID

Notes: Glycated plasma protein levels are expressed as percentages of
total plasma proteins. Results are expressed as means ± SEM of the number
of observations indicated in parentheses. F(age) = 2.9 (df = 3, 60) p < .05;
F(diet) = 15.0 (df = 2. 60) /; < .01; F(interaction) = 1.73 (df = 6, 60) n.s.

The-following differences between ages were significant: 5 versus 12
months: 5 versus 18 months (Tukey test). Differences between controls
versus EOD and controls versus 40% DR were significant; difference be-
tween EOD versus 40% DR was not significant (Tukey test).

Notes: Glycated hemoglobin levels are expressed as percentages of
total hemoglobin. Means ± SEM of the number of observations indicated
in parentheses. F(age) = 12.72 (df = 3, 89) p < .01; F(diet) = 0.36 (df = 2,
89) n.s. (power = 88%, 5 = 0.4%, $ = 2.0, SD = 0.43); F(interaction) =
0.11 (df = 6, 89) n.s. Differences between controls versus EOD, controls
versus 40% DR and EOD versus 40% DR were not significant. The fol-
lowing differences between ages were significant: 5 versus 24 months; 12
versus 24 months; 18 versus 24 months (Tukey test).

|F(2,108) = 6.99, p < .01], the fluorescence values in EOD
and 40% DR rats being similar (Tukey test between diets).

In aortic collagen, the age-dependent accumulation of AGE
products showed an exponential trend similar to that of skin
collagen (y = 9.07e()()8l\ r = .933, p < .01) (Figure 3).
Fluorescence values of aortic collagen were always higher
than those of skin collagen as indicated by the higher "A"
value in the exponential regression. A similar age-related ac-
cumulation of aortic fluorescence occurred in food-restricted
animals (y = 8.81eO()79\ r = .941, p < .01; y = 8.70ett()82\ r =
.984, p < .01 in EOD and 40% DR, respectively).
Interestingly, unlike the case of the skin, collagen fluorescence
values were not affected significantly by diet restrictions.

DISCUSSION

It is known that changes in the levels of both plasma glu-
cose and insulin might influence the glycation process

(6,26). Hence, age-dependent modification in glucose
homeostasis was explored in detail in AL and in CR rats.

With regard to glucose, data in AL rats are in agreement
with several reports documenting that levels of circulating
glucose do not change with increasing age (27,28,29). In
EOD animals, plasma glucose was similar to control levels.
On the other hand, in 40% DR rats a decrease in circulating
glucose was usually observed (30). A reduction in the aver-
age daily plasma concentrations of glucose was observed in
food-restricted Sprague-Dawley rats (16). Similar results
were obtained by Masoro et al. (31) on 40% dietary re-
stricted male F344 rats.

In older control Sprague-Dawley rats, both oral and intra-
venous glucose tolerance tests appear to be altered (32,33),
the hyperglycemic effects of glucocorticoid administration
are higher (34), and postprandial accumulation of glycogen
in muscle decreases (35). These age-related changes in
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Figure 2. Effect of age and dietary regimens on accumulation of fluorescence in skin collagen of Sprague-Dawley rats. Results are given as means ±
SEM of 4-14 observations. F(age) = 127.66 (df = 5, 108) p < .01; F(diet) = 6.99 (df = 2, 108) p < .01; ^(interaction) = .64 (df = 8, 70) n.s. Difference be-
tween EOD and 40% DR was not significant (Tukey test). EOD = every-other-day feeding; 40% DR = 40% food restriction.
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Figure 3. Effect of age and dietary regimens on accumulation of fluorescence in aortic collagen of Sprague-Dawley rats. Results are given as means ±
SEM of 4-7 observations. F(age) = 411.25 (df = 4, 70) p < .01; F(diet) = 1.45 (df = 2, 70) n.s. (power = 75%; 8 = 1 4 AUF, 4> = 1.6, SD = 20); ^ in terac-
tion) = .64 (df= 8, 70) n.s.

sugar metabolism are retarded at least in part by diet restric-
tion. No significant age-related alterations appear to occur in
plasma protein glycation in these animals, and most age-re-
lated changes in sugar metabolism in control rats are ob-
served under unphysiological conditions.

Our data show that a significant decrease in the levels
of glycated plasma proteins may be observed in food-

restricted rats, the maximum effect being observed a few
months after the initiation of the dietary manipulations. A
decrease in plasma protein glycation (by the fructosamine
assay) was reported by Cefalu et al. (30) in 40% food-
restricted female Brown-Norway rats. The decrease of
plasma protein glycation is similar in EOD and 40% DR
rats and is not dependent on age. The rather surprising fact
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that the two diets, which have different effects on daily
plasma sugar and insulin levels, have a similar decreasing
effect on glycated plasma proteins leads us to speculate that
the plasma protein turnover might be affected.

Glycated hemoglobin values are unaffected by food re-
striction. Perhaps red blood cell permeability to glucose
might be an important factor, as no significant changes
were observed in the concentration of glucose within red
blood cells of rats of different ages, subjected to different
regimens (data not shown). It may be that levels of glycated
hemoglobin, a commonly used indicator of long-term
glycemic control in diabetic subjects, are not very sensitive
to lower plasma glucose concentrations.

Plasma insulin levels remain substantially unchanged dur-
ing aging, both in the fed and in the fasted state, with the re-
markable exception of 24-mo-old animals, which show sig-
nificantly higher concentrations. This late increase is not
prevented by anti-aging diet restriction. Insulin levels in EOD
rats are similar to those of controls. On the other hand, in 40%
DR rats, circulating insulin levels are much lower, and smaller
differences are observed between fed and fasted rats.

On the whole, in view of the widely accepted hypothesis
that higher levels of plasma glucose should increase the rate
of protein glycation and that higher levels of plasma insulin
should help the disposal of glycated proteins, expectations
are that changes in the inner micro-environment may not
favor accumulation of glycated protein in older controls and
that food restriction might cause a slight decrease.

Age-related accumulations of different unrelated gly-
cated proteins were measured in each individual rat, and
they show divergent kinds of behavior. As regards plasma
proteins, which are shorter-lived, no significant change in
glycation was observed from 2 to 24 months of age, al-
though a tendency to decline was apparent in the oldest age
group. In older rats, some urinary loss of protein may occur
(36). Loss of plasma proteins with urine may be associated
with lower accumulation of glycated plasma proteins (37).

Levels of glycated hemoglobin are stable between the
ages of 5 and 18 months. Lower levels are found in 2-
month-old rats, whose erythrocyte profile may be character-
ized by a high percentage of young red cells (38). Lower
levels are also found in older rats. In senescent animals, an
age-related reduction in red blood cell life span has been re-
ported (39,40).

The third protein investigated here, collagen, is an impor-
tant target for the Maillard reaction. In view of the longer
life of this protein, accumulation of AGE products can take
place (1). Fluorescence values are different in the skin and
in the aortic tissue, perhaps due to differences in the type of
collagen, glucose concentration, and/or tissue temperature.
In regard to aging, a similar exponential increase in the lev-
els of glycated collagen was observed in the two different
tissues.

An exponential increase with age in collagen-linked skin
fluorescence has been reported in Wistar rats (29). More re-
cently, similar results were obtained using the 335nm/
385nm fluorescence measurements related to pentosidine-
like molecules (26,41).

In the perspective of comparative gerontology, values of
collagen fluorescence in rodents may increase with age

with different exponential temporal patterns in rats and
mice (42). In diabetic and in control human subjects, the
age-related accumulation of collagen-linked fluorescence
increases with age linearly (19). More extensive investiga-
tion may be warranted in dogs and horses, as preliminary
data did not show any significant increase with age in fluo-
rescence linked to skin collagen (42).

As regards the mechanism, taking into account that
glycemia, glycation of plasma protein and hemoglobin are
unchanged or lower in older rats, it can be argued that the
increase in glycation might be the consequence of age-
related modification(s) of the collagen metabolism (alter-
ation in tissue protein composition and/or the rate of pro-
tein turnover), and that because of hyperinsulinemia (6),
changes in the rate of removal of glycated collagen mole-
cules by tissue macrophages may also play a role.

It has been suggested that treatments such as diet restric-
tion, which affect longevity, could provide useful insight
into the mechanisms of the process of aging. In principle,
all age-related changes relevant to longevity should be de-
layed by this kind of treatment. In this research, in order to
improve the level of discrimination, we compared the ef-
fects of two different regimens of dietary restriction on
metabolism (e.g., on glucose homeostasis). In general, our
results do not support the hypothesis that age-related
changes in glucose homeostasis have a primary role in
causing aging. Effects on blood glucose and insulin plasma
levels were observed only with 40% diet restriction and
were age-unrelated. A significant increase in plasma insulin
levels was observed in both ad libitum-fed and food-
restricted 24-mo-old rats.

Glycated hemoglobin values were not affected by dietary
restrictions. The effect of diet restriction on glycated hemo-
globin has been previously addressed by Masoro et al. (43)
and Cefalu et al. (30) with conflicting results. In F344 rats
of 4-6 months of age subjected to 40% caloric food restric-
tion, Masoro and colleagues reported a decrease in the lev-
els of glycated hemoglobin (assessed by the phenyl-
boronate method), which disappeared with advancing age
(40). Using the HPLC method, Cefalu et al. showed a sud-
den increase in glycated hemoglobin in female Brown-
Norway animals between 11 and 17 months; this increase
was prevented by diet restriction. We may mention here that
we obtained consistent results with the assay of total gly-
cated hemoglobin tested by phenyl-boronate method and
with the HPLC measurement of HbAk (18).

The accumulation of fluorescence linked to collagen in
skin and aorta exhibits major age-related changes and may
deserve a longer discussion. In our hands, both types of di-
etary restriction had a similar significant decreasing effect
on age-related fluorescence accumulation in skin collagen,
and had lower, nonsignificant effects on aortic collagen. It
should also be taken into account that diet restriction de-
creases body temperature (44,45). However, as regards the
general mechanism, diet restriction does not affect the ex-
ponential rate of fluorescence increment during aging.

A significant effect of dietary restriction on the age-
related accumulation of fluorescence and pentosjdine in
skin collagen was reported by Miksik et al. (46) and Cefalu
et al. (30) using different rat strains and by Reiser (47)
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using mice. Unlike our results, Miksik et al. (46) also
showed that the age-related increase in aortic collagen-
linked fluorescence was significantly lower in 50% diet-re-
stricted animals. According to Reiser, 40% diet restriction
did not affect pentosidine content of mouse aortic collagen.

In conclusion, the accumulation of fluorescence linked to
collagen appears to be a specific, systemic consequence of
aging, and may provide a useful biomarker of chronological
age in rodents. On the other hand, it appears that the accu-
mulation of fluorescence may not be sensitive to interven-
tion in aging, and further research may be warranted to sup-
port the hypothesis that collagen glycation might be
relevant to longevity.
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