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-ABSTRACT. Background and aims: Aging is asso-
ciate^ with a progressive impairment of glucose toì-
erance. The aim of this study was to expìore thè pro-
tective effects of thè chronic orai administration of thè
insulino-mimetic agent vanadyl suìfate (VOS04) as
compared with those exerted by a ìong-ìasting dietary
restriction. Methods: Male Sprague-Dawìey rats, either
fed ad libitum (AL) or subjected to 40% dietary re-
striction (DR), were used. VOS04 (0.5 ma/rnL drinking
water) was administered to a subgroup of AL rats for
two months, starting at 16 months of age. Rats were
subjected to an intrauenous gìucose toìerance test
(IVGTT) at 16 and 18 months of age. Finally, thè beta-
ceìì responsiueness to glucose was evaluated in vitro by
thè isoìated perfused pancreas preparation. Results:
The IVGTT performed in 16-month-old rats showed
that DR preuented thè devehpment of thè moderate
gìucose intolerance obserued in AL rats. The IVGTT
performed at 18 months of age confirmed thè bene-
ficiai effect of DR and showed that VOSO4 was ab/e to
prevent thè further age-reìated progression of glucose
intolerance obserued in AL rats. Pancreas perfusion
studies showed that no increase in insulin secretion oc-
curred in both VOS04-treated and DR rats with respect
to thè age-matched AL controls, consistenti^} with thè
in vivo obseruation of post-ìoading insulinaemic
changes. Conclusìons: On thè basis of these results, we
conclude that thè beneficiai effect of both treatments
is most/y related to an improvement of tissue sensitivity
to insulin rather than to an insulinotropic effect.
(Aging din Exp Res 2005; 17: 351-357)
?2005. Editrice Kurtis

INTRODUCTION
A well-known feature of normal aging in both hu-

mans and experimental animals is thè progressive im-
pairment of glucose toìerance (1). which can represent
a relevant risk factor for thè development of type 2 di-
abetes mellitus (2). This age-related alteration of glucose
homeostasis is usually considered to be dependent on
either a decline in thè insulin secretory capability of pan-
creatic islets with increasing age (3, 4) or an impairment
of thè normal sensitivity of peripheral tissues to in-
sulin (5. 6), or both, although thè mechanisms in-
volved have not been fully clarified.

We have previously reported that a short-term orai ad-
ministration of vanadyl sulfate, a well-known insulino-
mimetic agent, can rapidly normalize thè imbalance of glu-
cose metabolism observed in senescent (24-month-old)
rats, probably by restoring thè ability of peripheral tissues
to utilize circulating insulin efficiently (7). The aim of this
research was to expìore whether a 2-month period of orai
administration of low pharmacological doses of vanadyl
sulfate could protect thè animals against thè occurrence or
thè aggravation of this age-related alteration in glucose
homeostasis. We also wanted to directly compare thè ef-
fect of VOSO4 with that of long-lasting dietary restriction.
an intervention whose anti-aging properties are well doc-
umented (8-10). The utilization of glucose toìerance tests
in vivo coupled with evaluation of insulin secretion from
thè isoìated perfused pancreas in vitro would also allow
us to know whether thè putative benefits of each inter-
vention should be ascribed to an improvement of pan-
creatic insulin secretory capabilities or an amelioration of
peripheral insulin sensitivity.

Key words: Aging, calorie restriction, glucose toìerance. insulin resistance. isoìated perfused pancreas, rats.

Correspondence: P. Maslello. MD, Dipartimento di Patologia Sperimentale & B.M.I.E.. Università di Pisa. Scuola Medica, Via Roma 55,
56126 Pisa, Italy.
E-mail: p,masiello@ipg.med.unipi.it

Received November 24. 2003: accepted in revised form October 14. 2004.

Aging Clin Exp Res, Voi. 17, No. 5 351



M. Noueìli, V. De Tata, V. Fierafaracci, et a!.

METHODS
Animals and dietary restriction
Male Sprague-Dawley rats of 2 months of age pur-

chased from Harlan Italy (Milan, Italy), were housed in thè
animai facility of our Department under artificial lighting
(12-h ìight-dark cycle) and fed a standard laboratory
chow (Harlan Teklad 2018/TRM. Harlan Italy). These rats
were randomly dìvided into two groups: 1) ad libitum fed
rats (AL, controis); 2) rats subjected to 40% food re-
striction (40% DR, i.e. rats received 60% of thè amount
of food consumed daily by thè AL group). The experi-
mental protocol followed thè Principles of Laboratory An-
imai Care (US NIH publication No. 83-25, revised 1985)
as well as thè recommendations of thè Italian law for thè
use of experimental animals (DL No. 116/1992) and was
approved by thè Ethical Commìttee of thè University of
Pisa Medicai School.

Procedures
Vanadyl sulfate (VOSO^) treatment At 16 months of

age, control AL rats were divided into two subgroups:
la) controìs receiving no treatment; Ib) vanadyl-treated
rats, receiving tap water supplemented with 0.5 mg/ml
vanadyl sulfate. The VOSÒ4 solution was prepared
freshly every other day.

Intravenous glucose tolerance test dVGTT). Just before
starting VOS04 administration (i.e. when rats were aged
16 months), non-fasting AL and 40% DR rats were sub-
jected to an intravenous glucose tolerance test (0.75 g/kg
b.w. as a 33% glucose solution}. IVGTT was again per-
formed at thè age of 18 months, with a subgroup of AL
rats being treated with VOSO4 for two months. Blood
samples were collected from thè tail vein of conscious rats

O, 5, 15, 30 and 60 min after glucose administration. Plas-
ma glucose was measured by thè glucose-oxidase method
using a commercially available kit (GLUCINET, Sciavo
Diagnostics, Siena, ìtaly). Plasma insulin was measured ac-
cording to Herbert et al. (11), using rat insulin as a stan-
dard, anti-insulin antibody from ICN (Milan, Italy) and la-
belled insulin from Lineo (St. Charles, MO, USA).

Glucose tolerance was quantitated by two parame-
ters: AG (integrated increase of glycaemia over baseline
over a period of 60 min after thè i.u. glucose load) and K
coefficient (glucose disappearance rate after glucose in-
jection calculated from thè slope of thè logarithm of thè
postload plasma glucose concentrations between thè
peak values at 5 min and thè value at 30 min and ex-
pressed as percentage per minute). Insulin secretion dur-
ing thè IVGTT was quantitated as thè incrementai insulin
values integrated over 60 min after thè load (Al); thè in-
sulinogenic index (AI/AG) was also calculated.

Pancreas perfusion. At 18 months of age both AL
(either treated or untreated with orai VOSO4 for two
months) and 40% DR rats were anesthetized with 100
mg/kg b.w. sodium pentobarbital intraperitoneally. The in
situ isolated pancreas preparation was a modification of
thè method of Penhos et al. (12). Perfusate was a modified
Krebs-Ringer bicarbonate buffer with 4% dextran T 40 and
0.25% bovine serum albumin, and was equilibrated with
95% O2 and 5% CO2- Flow rate was kept Constant at 4
m!/min by a peristaltic pump for thè entire perfusion pe-
riod which lasted for about 70 min. The first 30 min
served as an equilibration period and wi!l not be shown on
graphs. Effluent from thè portai vein was collected over 1
min time intervals into tubes which were immediately
frozen and stored at -20°C until insulin radioimmunoassay.
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Fio. 1 - Plasma glucose (A) and insulin (B) leutìls durino an intrauerious glucose tolerance test (0,75 g/kg b.w.) performed in 3-month-old
(Oi J6-month-o/d AL (O), and 16-month-old DR (a) male Sprague-Daujley rats. Data are means ± SEM of 6-8 obserualions for each ex-
perimento/ group. AL= ad libitum fed rats,- DR= dietary restricted rats.
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Fig. 2 - Plasma gìucose (A) and insù/in (B) leueìs during an intrauenous glucose toìerance test in 16-month-old ad libitum /ed rats following
9 days of VOSOj treatment. Data are means ± SEM of 6 obseruations /or each group.

The perfusion protocol consisted of three consecutive
perìods of 15 min each, in thè presence of 2.8 mM,
16.7 mM and 2.8 mM glucose, respectivcly. The insulin
secretion was calculated from thè insulin concentration in
thè perfusate (ng/ml) multiplied by flow rate.

Statistica/ ana/ysis
Data are gìuen as means ± SEM. Statistica! significance

was evaluated by factorial analysis of variance (ANO-
VA), foìlowed by thè two-tailed unpaired Student's t-test
as a method of post-hoc analysis to assess two-by-two dif-
ferences, when appropriate. A p-value of <0.05, at least,
was considered as significant.

RESULTS
Figure 1 shows thè results of an intravenous glucose

tolerance test (IVGTT) performed in 16-month-old rats, ei-
ther fed ad libitum (AL) or subjected to a regimen of di-
etary restriction (40% DR) startìng at 2 months of age. Por
comparison, in thè same figure, an IVGTT performed in
a group of 3-month-old rats of thè same strain is also
shown. In young rats, thè intravenous injection of glucose
(0.75 mg/kg b.w.) caused a rapid elevation in plasma glu-
cose and insulin ìevels, which both peaked 5 min after thè
load and then rapidly decreased. In 16-month-old AL rats,
plasma glucose ìevels also peaked 5 min after glucose in-
jection, but thè subsequent return to baseline required a
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Fig. 3 - Plasmo glucose (A) and insulin (B) leueìs during an intravenous glucose tolerance test (0.75 g/kg b.w.) performed in 18-month-old
untreated AL (O), VOSO4-treated AL (OH and DR (A) male Sprague-Dawley rats. Data are means ± SEM of 4-6 observations for each group.
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longer time than in young rats. In such animals, a pro-
longed post-loading elevation of circulating insulin was cor-
respondently observed. Interestingly. in 16-month-old
40% DR rats, post-loading glycaemic values were very
similar to those observed in young animals and plasma in-
sulin levels were also comparable, with thè exception of
thè 5-min peak, which was significantly reduced. In 16-
month-old AL rats, thè quantitative analysis of thè IVGTT
(see Fig. 4) confirmed thè significant elevation of thè
post-loading integrated increase of blood glucose (AG) with
respect to young controls, as well as thè preventing effect
of DR despite reduced circulating insulin levels. However,
it should be stressed that in AL animals thè concomitantly
increased plasma insulin levels were able to normalize thè
post-loading glucose disappearance rate, as indicated by
a K coefficient not significantly different from that of
younger rats.

Then, an orai VOSO4 adminìstration (0.5 mg/ml in
thè drinking water) was started in a subgroup of these AL
rats and another IVGTT was performed after 9 days of
treatment in order to check thè early changes induced by
thè treatment. While no significant difference in thè gly-
caemic profile was observed between VOS04-treated

and untreated rats. plasma insulin levels were signifi-
cantly (p<0.05) reduced in treated rats at any time after
glucose injection (Fig. 2), suggesting that only a few days
of VOSO4 administration could induce an improvement
of insulin sensitivity.

After two months of VOS04 treatment in a subgroup
of AL rats (i.e. when animals were aged 18 months), a
new IVGTT was performed in both AL and 40% DR rats
(Fig. 3). By comparing thè results obtained in 18-month-
old rats with those of two months earlier {also see IVGTT
analysis in Fig. 4), it is clear that in untreated AL rats a fur-
ther impairment in glucose tolerance occurred between 16
and 18 months of age (as indicated by thè significant de-
crease of K coefficient at 18 months), with a concomitant
reduction of thè insulinaemic response. VOSO4 treatment
appears to prevent thè aggravation of glucose intolerance
in aging animals; indeed thè glycaemic curve of vanadyl-
treated 18-month-old rats was similar to that observed in
16-month-old animals. Interestingly, this relatively pre-
served glucose tolerance was accompanied by circulating
insulin levels significantly lower than those observed in un-
treated animals, thereby indicating an improvement of thè
peripheral sensitivity to insulin. This conclusion is also sup-
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Fig. 5 - Gìucose (O-stìmuìated insù/in secretion from thè isolated perfused pancreas of 18-month-old untreated AL (O), VOSO^-treated AL
(9> and DR i&) male Sprague-Dawley rats. Data are means ± SEM of 4-6 observations for each group. The inserì shows thè integrated insù/in
output in response to 16.7 mM glucose, expressed as thè area under thè curve (AUC). 'p<0.01; **p<0.05 vs AL rats (Student's t test).

ported by analysis of data in Fig. 4, showing a significant
decrease of AG in VOSO4-treated rats with respect to thè
age-matched controls. To this regard. it may be noted that
because of thè tendentiously lower Al observed in VOSO4-
treated rats, thè insulinogenic index AI/AG was similar in
treated and untreated animals (and in both cases signifi-
cantly lower than that calculated for 16-month-old rats),
confirming that thè beneficiai effect of VOSO4 adminis-
tration was not related to an insulinotropic effect, but to
an improved ouerall utilization of glucose.

Our results also indicate that dietary restriction was able
to significantly reduce glycaemic values with respect to thè
age-matched AL rats, without any increase in post-load-
ing plasma insulin levels.

Glucose-stimulated insulin output from thè isolated
perfused pancreas of 18-month-old AL (either untreat-
ed or VOSO4-treated) and 40% DR rats is shown in Fig-
ure 5. In AL rats, thè typical biphasic patterò of insulin
release was observed. with a first phase peaking at 3 min
after glucose concentration was changed from 2.8 to
16.7 mM. The secretory kinetics was not influenced by
thè two-month orai VOSO4 administration, whereas
thè overall insulin output was significantìy decreased
with respect to thè age-matched untreated rats (see in-
sert in Fig. 5). Finally. thè perfused pancreas of 18-
month-old 40% DR rats, while maintaining thè biphasic
pattern of insulin release, showed a marked reduction of
thè ouerall output with respect to both untreated and
VOSO4-treated animals.

DISCUSSION
A reduction in peripheral insulin sensitivity is an early

event during thè aging process, already leading to glucose
intolerance in 6-month-old rats (13). Severa! studies uti-
lizing thè euglycaemic clamp technique indicate that thè
age-related impairment in glucose disposai may be in
large pari dependent on thè development of peripheral in-
sulin resistance (5, 14, 15). The insulino-mimetic prop-
erties of vanadium and its derivatives are well known, in-
cluding its ability to alleviate some symptoms of experi-
mental diabetes in thè rat (16, 17). Although thè mech-
anism of action of vanadium has not been fully clari-
fied, many of its in vivo insulin-like effects have been at-
tributed to thè ability of restoring peripheral tissue sensi-
tivity to circulatìng insulin (18). On thè other hand, dietary
restriction is now largely accepted as an effective tool in
delaying thè aging process and decreasing thè incidence
of various tumours and other age-associated diseases
(19. 20). In fact, it represents thè most effective means of
extending lifespan in experimental animals (9) and elicits
various biochemical and molecular changes (8).

In view of thè considerations aboue, we explored
whether thè age-related alterations of glucose home-
ostasis in rats could be prevented and/or corrected by ei-
ther a chronic (two months) treatment with orai vanadyl
sulfate (0.5 mg/ml in thè drinking water) or a long-term
dietary restriction. In order to obtain a reliable overall eval-
uation of thè changes in thè pancreatic secretory re-
sponse and thè peripheral glucose utilization, intravenous
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glucose tolerance tests were carried out longitudinally. As
a first observation, our experiments confirm that age-re-
lated differences occur in thè glycaemic and insulinaemic
curves obtained after thè glucose load. Indeed, while in
young animals a large arnount of insulin is secreted in thè
bloodstream in responso to thè glucose challenge, so
that glycaemia rapidly retums to basai values, in older rats
glycaemia remains elevated aboue basai values for longer
times in spite of increased (in 16-month-old rats) or sim-
ilar (in 18-month-old rats) insulin leuels. Thus, both 16-
and 18-month-old animals show an altered response to a
glucose challenge, which is accentuated in thè latter
group leading to a significantly decreased glucose tolerance
(see Fig. 4), probably as a consequence of thè attenuation
of thè compensatory hyperinsulinaemia observed in thè
former. The prolonged orai administration of VOS04 is
effective in preventing thè deterioration of thè glucose tol-
erance occurring between 16 and 18 months of age. This
beneficiai effect is obtained in VOSO4-treated animals in
thè presence of post-loading plasma insulin leuels signif-
icantly lower than those observed in untreated glucose in-
tolerant rats, in agreement with thè above mentioned pu-
tative peripheral action of vanadium. Although thè exact
mechanism of this VOS04 effect is stili unknown, it has
been shown that vanadium could block thè dephospho-
rylatìon of substrates involved in thè transduction of thè in-
sulin signal, thus prolonging thè hormonal action (21, 22).

The chronic administration of compounds contain-
ing vanadium has been associated with several negative
side effects (23-25). However, thè toxicity of vanadium is
largely dependent on thè animai species, thè route of ad-
ministration and its chemical form {for a recent review see
26). In particular, it has been shown that VOSO4 is re-
markably less toxic than other compounds, like e.g. sodi-
um metavanadate or sodium orthovanadate (27). A lon-
gitudinal study on thè toxicological effects of VOSO4

has been performed on rats treated with different doses
(from 0.5 to 1.5 mg/ml) in thè drinking water. Some ob-
served negative side effects (weight loss, diarrhoea) were
largely prevented by thè reduction of thè dosage (28). The
histological examination of tissues preferentially accu-
mulating vanadium (bone, liver, kidney) showed thè ab-
sence of significant morphological alterations after 39 days
of VOSO4 treatment (23). With regard to thè debated
anorexic effect of vanadium in relation with its hypogly-
caemizing properties in experimental diabetes (29, 30). we
would like to underline that no significant changes in
food and water intake in VOSO4-treated rats occurred in
this study during thè whole experimental period (mean in-
dividuai food intake: controls 30.1±1.96 g/day, VOSO4-
treated 26.8±1.41 g/day. NS; mean individuai water
intake: controls 29.1+2.10 ml/day, VOSO4-treated
26.6±2.74ml/day, NS).

A major aim of this study was to directly compare thè
effects of orai VOSO4 administration with those of dietary

restriction at a criticai age for development of glucose in-
tolerance in Sprague-Dawley rats. Our results show that in
40% DR rats, thè impairment in glucose homeostasis
observed in AL rats is fully prevented at both 16 and 18
months of age. Similarly to VOS04 administration, thè ef-
fect of dietary restriction is not related to an enhanced in-
sulin secretion from thè pancreas (post-loading plasma in-
sulin levels being usually lower than in AL rats), but rather
to a more effective utilization of glucose by tissues. This is
in agreement with previous observations indicating that di-
etary restriction can increase insulin sensitivity in strepto-
zotocin-diabetic rats (31). enhance insulin-mediated glucose
uptake and reduce insulin demand in healthy rats (32, 33).

This interpretation of thè effects of both treatments (Le.
VOSO4 and dietary restriction) is further supported by thè
data obtained in vitro. Indeed, in thè isolated perfused
pancreas of both VOSO4-treated and 40% DR rats, glu-
cose-stimulated insulin output was significantly lower
than that of AL controls. in agreement with thè results ob-
tained in thè perfused pancreas of 10-month-old rats by
Cadène et al. (34), who showed that chronic VOSO4 ad-
ministration was associated with a decreased insulin re-
sponse to glucose. The low responsiveness to glucose of
thè perfused pancreas from 40% DR rats should be at
least in part related to thè overnight fasting period pre-
ceding pancreas isolation in these animals, which usual-
ly eat ali thè available food within 6-8 hours.

In conclusion, this work shows that both orai vanadyl
sulfate administration and dietary restriction are effective
in contrasting thè development of glucose intolerance in
aging rats. and indicates that in both cases this effect is
more related to a sensitization of thè insulin action at thè
level of peripheral tissues than to a direct stimulation of p-
cell secretory capabilities.
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