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Abstract

Although exercise is generally known to augment insulin sensitivity, its effect on aged individuals is not clear.
This study aimed to identify the effects of moderate-intensity lifelong and acute exercise on insulin
sensitivity of aged rats and also examine how long these effects last. Twenty-six male Wistar rats exercised
from 3 to 12 months of age (group A, n = 6), exercised from 12 to 21 months (group B, n = 5), exercised from
3 to 21 months (group C, n = 7), or did not exercise at all (group D, n = 8). Exercise consisted of swimming 20
min/day, 5 days/week. Insulin sensitivity, as assessed by the blood glucose response to an insulin bolus
injection that was performed one week after the last exercise session of groups B and C, did not differ
among groups, suggesting either no prolonged effect of exercise or no effect at all. To distinguish between
these possibilities, we subjected the “extreme groups” C (lifelong exercise) and D (no exercise) to the same
exercise acutely and assessed insulin sensitivity 1, 3, 5, and 7 days post-exercise. Compared to baseline,
insulin sensitivity was higher at 1 and 3, but not at 5 and 7 days post-exercise. Concluding, in aged rats,
moderate-intensity exercise appears to exert an acute, not chronic, effect on insulin sensitivity which wears
off at between 3 and 5 days post-exercise.
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1. Introduction

It is generally accepted that the number of elderly people in the world is growing. Statistics
show that, for the first time in history, life expectancy at birth exceeds 80 years on average, which
is a gain of 10 years from 1970 (31). Apart from the quality of life during these additional years of
life, an issue of importance, especially in this era of global financial crisis, is health expenses.
Epidemiological studies have shown high prevalence of many diseases, such as obesity, arterial
hypertension, and type 2 diabetes mellitus, in the adult population (9). Age is a prime risk factor
for these diseases, which are associated with increased insulin resistance (7). Age is also widely
known to negatively impact physical, mental and social functions. Thus, the goal should be to
increase not just the life span, but the health span by preventing age-related diseases and physical
decline.

Exercise remains one of the most cost-effective strategies against many diseases, providing
health benefits related to both prevention and treatment (30). Evidence indicates that physically
active individuals have more longevity with less morbidity (9). A recent study has shown that
physical activity may even create a “reserve” that protects motor abilities against the effects of
age-related brain damage (10). As far as insulin sensitivity is concerned, there are numerous
studies indicating that it increases in young humans and experimental animals after a single bout
of exercise (16, 33) and after short- or long-term exercise training (18, 19). Moreover, there are
studies demonstrating that insulin sensitivity decreases in young and aged humans with physical
inactivity (15) and age (34).

Research on older individuals shows benefits of exercise on insulin sensitivity similar to those
seen in younger individuals (20, 25). Furthermore, it has been shown that insulin sensitivity
increases after exercise in patients with obesity (28), type 2 diabetes (22) and insulin resistance
(32). Again, there seems to be no difference in the effect of exercise between younger and older
persons (4,6). However, the effects of either lifelong exercise, exercising in young age and
subsequently becoming sedentary, or, conversely, being sedentary in young age and subsequently
becoming physically active on insulin sensitivity have not been explored. Thus, the aims of the
present study were to (i) identify the effects of moderate-intensity lifelong and acute exercise on
insulin sensitivity of four groups of aged rats, depending on the period of their life in which they
had been active and (ii) examine how long these effects last.

2. Methods

2.1 Animals and study design

Thirty-six male Wistar rats were initially obtained from the Veterinary Faculty of the
Aristotle University of Thessaloniki at the age of 3 months (estimated adultness). The animals
were caged individually at a temperature of 20-24 °C and relative humidity of 35-55%, had free
access to rodent chow and water, and were weighed on a monthly basis. They were divided
randomly into four groups of nine for the purpose of examining the effects of aging and exercising
during different parts of the lifespan on the metabolome of various body fluids and tissues. In the
course of the study, ten animals died, with the remaining 26 being distributed as follows: Group A
(n = 6) exercised from the 3™ to 12" month of age; group B (n = 5) exercised from the 12" to 21°
month; group C, the lifelong exercise group (n = 7) exercised from the 3™ to 21 month; and group
D (n = 8) did not exercise at all. The exercising rats were acclimatised for 5 days before the
beginning of the swimming exercise protocol by starting with 5 minutes of exercise and increasing
the duration of exercise by 5 minutes daily up to 20 min.

Five insulin sensitivity tests (IST) were performed when the rats completed 21 months.
The first test, comparing all four groups, was performed one week after groups B and C had
stopped exercising, in order to eliminate any acute effects of exercise on insulin sensitivity. Thus,
this test aimed at examining the chronic effect of exercise on insulin sensitivity. One week later,
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the “extreme” and most numerous groups, that is, C (lifelong exercise) and D (no exercise),
performed one bout of exercise, and insulin sensitivity was assessed through four ISTs performed
1, 3, 5 and 7 days post-exercise. These tests, in turn, aimed at examining the acute effect of
exercise on insulin sensitivity. In the course of these seven days, two animals (one from each
group) died, so this part of the study was completed with 13 animals.

All procedures were conducted in accordance with the European Union regulations for
care and use of laboratory animals. Procedures were approved by the Department of Rural
Economy and Veterinary Medicine, Prefecture of Central Macedonia, Hellenic Republic (Code:
EL54BI010, Protocol no.: 449161/4835).

2.2 Exercise protocol

The rats swam individually in water tanks with a surface of 1000-1500 cm?, depth of at least
51 cm, and water temperature of 33-36 °C. Groups A and C started exercising (on the 3" month)
for 20 min/day, 5 days/week, with a weight of 2% of their body weight attached to their tails.
However, as time went by, the load was reduced in accordance with the declining ability of the
aging animals to sustain the desired exercise duration and frequency. Hence, group B started
exercising (on the 12" month) with no weight, and this was kept for groups B and C until the end
of the intervention. In order to ensure active swimming (rather than just floating around), the
water was shaken frequently. The non-exercising rats remained in shallow water at 33-36 °C for
20 min/day, 5 days/week, to control for any effect of ambient temperature on metabolism. The
acute exercise protocol consisted of one session of 20 minutes of swimming. According to the
literature, swimming is pleasant to rats and may be used for the detection of physiological and
biochemical responses and adaptations to either acute or long-term exercise (23). The intensity of
such exercise is considered moderate (23).

2.3 Insulin sensitivity tests

The rats fasted overnight (for 10-12 hours) before each IST. On the next day, insulin
(Humulin R) was diluted (1:20) with saline, and 1 U/kg body weight was injected into each animal
intraperitoneally. Glucose was measured in blood drops taken from the tail (Bayer Contour XT)
before injection and 15, 30, 60, 90, 120, 150, and 180 minutes after injection. The insulin dosage
(1, 11), the fasting time, and the timing of the measurements were selected after a thorough
review of the literature referring to similar tests conducted on the same species (3, 11). In order
to evaluate insulin sensitivity, the area under the glucose concentration-vs.-time curve (AUC) was
calculated using the trapezium rule. The higher the insulin sensitivity is, the lower the AUC.

2.4 Statistical analysis

Results are presented as the mean + SD. The distribution of the AUC and body weight data
were examined by the Shapiro-Wilk normality test and were found not to differ significantly from
normal. The chronic effect of exercise on insulin sensitivity was examined by comparing the AUC
in the first IST among groups by one-way ANOVA. The chronic effect of exercise on body weight
was examined by comparing the weight among groups from the 3" up to the 21° month of age
through two-way (time x intervention) ANOVA with repeated measures on time. Significant
interaction was followed up by simple main effect analysis. The relationship between AUC and
weight on the 21* month was examined by Pearson’s r correlation test. The acute effect of
exercise on insulin sensitivity was examined through repeated-measures one-way ANOVA on the
AUC in the five ISTs, that is, the one performed before acute exercise (on the animals that took
part in the subsequent ISTs only) and the ones performed 1, 3, 5 and 7 days after exercise.
Significant effect was followed up by Fisher’s LSD test in order to identify significant pairwise
differences. The level of significance was set at a = 0.05. Effect sizes (ES), measured by calculating
partial %, were classified as small (0.2), medium (0.5) or large (>0.8), according to Cohen (5).
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3. Results

ANOVA showed that the IST performed one week after the last exercise session of groups
B and C did not produce significant differences among the four groups, suggesting either no
prolonged effect of exercise on insulin sensitivity or no effect of exercise at all (Fig. 1 and Table 1).
The weight of all groups generally increased up to their 17" month and then either plateaued or
started declining (Fig. 2). There was a significant interaction between time and intervention on
weight (p < 0.001, ES = 1.00). At the end of the intervention, group D (no exercise) weighed
significantly more than group C (lifelong exercise, p = 0.030, Table 1), showing a distinct effect of
lifelong exercise on body weight. There was no significant relationship between AUC and weight (r
=0.25, p = 0.11).

In order to distinguish between the aforementioned possibilities, that is, whether there
was no prolonged effect of exercise on insulin sensitivity or no effect of exercise at all, we
subjected groups C and D to one bout of exercise and repeated the IST 1, 3, 5 and 7 days post-
exercise. ANOVA, which was conducted without discriminating the two groups since they showed
no differences in the previous procedure, showed a significant, large effect of time (p < 0.001, ES =
0.98). Specifically, the AUC at 1 and 3 days post-exercise was significantly lower than pre-exercise
(p < 0.001 and p = 0.005, respectively, Figure 3). Moreover, the AUC at 5 and 7 days was
significantly higher than that at 1 day (p = 0.043 and 0.011, respectively). Finally, the AUC at 7
days was significantly higher than that at 3 days (p = 0.025). These findings suggest that the
beneficial effect of exercise on insulin sensitivity lasted at least 3 days but not 5 days or more.
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Figure 1. Blood glucose concentration (mean and SD) of the four groups at each time point of
measurement after insulin injection in the first insulin sensitivity test, used to calculate the area
under the curve.

Table 1. Area under the glucose concentration-vs.-time curve (AUC) in the first insulin sensitivity
test and body weight of the groups on their 21° month of age (mean * SD).

Group A(n=6) B(n=05) C(n=7) D (n=8)
AUC (mmol min/L) 543 + 176 502 + 49 540 + 93 454 + 48
Weight (g) 524 + 37 493+41  491+36 54626
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Figure 2. Mean body weight of the groups from the 3™ to the 21* month of age.
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Figure 3. Area under the glucose concentration-vs.-time curve, of groups C and D combined,
before and 1, 3, 5 and 7 days after an acute bout of exercise. ***P< 0.001, **P< 0.01, *P< 0.05.

4. Discussion

In the present study, we investigated the effect of lifelong, moderate-intensity exercise on insulin
sensitivity of aged rats and when, after an acute bout of exercise, the effect wears off. By
comparing a lifelong exercise group, two long-term exercise groups and a group that did not
exercise, we found that moderate-intensity exercise training did not alter insulin sensitivity. Thus,
exercise does not appear to exert a chronic effect on insulin sensitivity in aged rats. Regarding the
second aim of our study (that of examining the duration of the acute effect of exercise on insulin
sensitivity), by using the same animals, we found that the effect of exercise on insulin sensitivity
wore off at between 3 and 5 days post-exercise.




Our findings seem to contradict the findings of other studies that claimed an effect of
long-term exercise in either young or aged humans (13, 21). However, methodological differences
may explain this contradiction, as those studies measured insulin sensitivity 1.5-3 days after the
last exercise session, which raises the possibility that what they considered a training effect was
actually a residual effect of the last exercise bout. In our study, we also explored the relationship
between insulin sensitivity and body weight, since Facchini et al. (8), mention that insulin-
mediated glucose disposal is related by 25% to differences in weight and by another 25% to
differences in level of habitual physical activity. Nevertheless, we found no relationship between
insulin sensitivity and weight, probably because our experimental animals did not suffer from any
pathological conditions such as obesity and type 2 diabetes.

The duration of the acute effect of exercise on insulin sensitivity has been investigated by
others in a number of ways. It has been reported that the effect of a single exercise session in
either young humans or rats can last from several hours (14,26) to a few days (17, 29). Older
research in humans showed that the training effect disappeared between 38 h and 10 days after
the last exercise session of a training program (15). Hence, it is not surprising that a study in which
measurements were conducted 72 h after the last exercise bout of a training program did not find
a significant change in insulin sensitivity (35). Another limitation of such research was that
different groups of animals were used to examine how long the effect of exercise on insulin
sensitivity lasts (27), which may introduce inter-individual variability as a confounding factor.

The relevance of this study lies in the increasing prevalence of obesity and type 2 diabetes
over recent decades, attributed largely to reduced physical activity levels due to the adoption of
technologies that promote a sedentary lifestyle (7, 30). Both obesity and type 2 diabetes are
strongly associated with insulin sensitivity. Thus, documenting affordable or even cost-free ways
of improving insulin sensitivity is becoming increasingly important. One of these ways is exercise,
and studies identifying its effects are essential for the development of new non-pharmacological
strategies that will target these diseases. Indeed, physical exercise may prevent or reduce the
deleterious effects of type 2 diabetes (9). Studies in the past have shown that insulin sensitivity
increases after acute, short-term or long-term exercise. Specifically, a 35% increase in middle-
aged obese men 1 h after high-intensity acute exercise (25) and a 36% increase in older men 60 h
after the last session of long-term high-intensity exercise training (20) have been reported.
However, to the best of our knowledge, there are no studies examining the effects of lifelong
exercise on insulin sensitivity of aged humans or experimental animals.

The mechanisms regulating the increased insulin-stimulated glucose uptake in muscle for
several days after acute exercise are also not yet fully understood. Exercise may initiate several
signalling cascades for glucose uptake in muscle, the most important of them being the PI3K
signalling pathway (24). Two adaptive responses that underlie the increase in insulin sensitivity
are an upregulation of GLUT4 protein expression and increased GLUT4 translocation to the plasma
membrane. AS160 and aPKC are likely involved in this translocation (12). A recent review by
Cartee (2) notes that, although exercise can increase glucose uptake by stimulating the
translocation of GLUT4 from the cell interior to the cell surface, “the specific insulin-stimulated
GLUT4 trafficking steps that are influenced by prior exercise remain to be identified.” The author
proposes the presence of “memory elements” for maintaining insulin sensitivity enhanced up to
48 hours post-exercise, one of which may be the sustained low muscle glycogen concentration.
This finding is supported by research showing that increased insulin sensitivity is mainly observed
in glycogen-depleted muscle due to a local contraction-induced mechanism (12). However, more
research needs to be done in order to establish such a relationship.

As far as exercise intensity is concerned, we chose moderate intensity in order to make
our findings more applicable to the general population, especially when it comes to elderly
individuals. Indeed, many studies have shown that there can be effects of mild- to moderate-
intensity exercise on insulin sensitivity in young or aged humans and experimental animals (12,
19). It remains to be seen whether exercise of higher intensity may have a longer-lasting effect on
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insulin sensitivity. It would also be desirable to conduct similar studies with larger numbers of
animals, since a limitation of the present study is that it was conducted on a small number of
animals due to age-related death.

5. Conclusion

The main findings of the present study are that there was no chronic effect of exercise on

insulin sensitivity in aged rats, but, instead, a rather short-lived effect of acute exercise, which
lasted no less than three and no more than five days. If these findings are transferable to aged
humans, they mean that one must regularly perform exercise to maintain enhanced insulin
sensitivity. Other questions open to future research may be when exactly between days 3 and 5
the acute effect of exercise on insulin sensitivity wears off and what the mechanism of this
wearing off is.
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NepiAngn

MapoAo Tou elval YeEVIKA YWWOTO OTL n Aoknohn aufavel Tnv evatcOnoia otnv vooulivn, n enidpaon
™G o€ NAKLWHEVA atopa Sev eival cadng. H mapoloa PeAET elxe wg oTOX0 va pooSlopiloel Tn enidpaon
™¢ Sta Blou Kat ofeiag doknong pETplag évtaong otnv evatcdnoia otnv LVeoUALVN NALKLWUEVWY ETLUOWY,
KaBwg kot va e€etdoel Tn Sldpkela autig tng enidpaong. Ekoolé€l apoevikol emipueg tng duing Wistar
Xwplotnkav oe t€ooeplg opddec: A, doknon and nAwkio 3 €wg 12 pnvwv (v = 6)- B, doknon amnd 12 éwg 21
unvwv (v = 5)- I, doknon amno 3 £wg 21 punvwv (v = 7) kat A, pun doknon (v = 8). H doknon cuvictato ot
KOAUprL 20 Aertd/nuépa, 5 nuépeg/epdopdda. H svaioBnoia otnv wooulivn, n omoia HeTprOnke pia
eBSopada peta tnv teleutaia cuvedpla dcknong Twv opddwv B katl I' kat afloAoynbnke LETpWVTAC TN
YAUKOTN TOU alpaTOG LETA amo €yxuaon LVOoUALvng, &€ SLEdepe etV TwV opddwy, ultodelkviovTag OTL elTe
Sev uTMApXeL MapateTapévn enidpacn TnG Aoknong eite dev uTapxel kaBolou emibpaocn. Ta va yivel
Stakplon petafd autwy Twv MBAVOTATWY, oL «oKpaiec opadegy, I' (Sta Biou doknong) kat A (un doknong),
ekTéAeoav TNV bla doknon pia popd Kat n evatcdnoia otnv tvaoulivn petpndnke 1, 3, 5 kal 7 NUEPECG HETA
v doknon. H suvalcbnoia otnv tvaoulivn Bpébnke uPnAdtepn amod tv apxikn T 1 kot 3 NuUéPEG PETA
™V Aaoknon, oAAd OxL 5 Kot 7 NUEPEG PETA QMO QUTHV. ZUUMEPOACHOTIKA, N HETPLAG EVTOONG AOKNnon
daivetal va ackel ofela, OxL OHWE KaL Xpovia, enidpacn otnv eualcdnaola oTnV WOOUALVN 08 NALKLWUEVOUG
enipuc, n onola enidpaon e€aoBevel petal g 3™ kot 5™ nuépag PETA TNV Aoknon.
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