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Physical exercise started before maturity prevents
aging-related insulin resistance in rats

Isao OHSAWA#*, Juichi SATO**, Yoshiharu OSHIDA*, Yuzo SATO*

To evaluate the effects of physical exercise on insulin resistance associated with aging, we investi-
gated insulin-induced glucose disposal in mature trained rats (MT, 4 months of age), mature untrained
ones (MU, 4 months of age), and young untrained ones (YU, 2 months of age), using the 2-step se-
quential euglycemic clamp technique (insulin infusion rates: 6 and 30 mU/kg/min). During 30 mU/
kg/min clamp, metabolic clearance rates of glucose (MCR) in MU significantly declined compared
with YU (P<0.01). MCR during 6 and 30 mU/kg/min clamp were, respectively, significantly higher
in MT than in MU (P<0.01). There were no significant differences in MCR between MT and YU.

These results suggest that aging process of rats might decrease insulin action in their peripheral tis-
sues predominantly because of post insulin receptor binding defect, and that physical exercise begun
before maturity might prevent or delay insulin resistance associated with aging.

INTRODUCTION

Glucose intolerance which occurs with aging
has been well documented*®. The incidence of
impaired glucose tolerance and non-insulin-de-
pendent diabetes mellitus (NIDDM) increases
with advancing age, especially after middle age. It
has been reported that insulin action declines not
only in humans but also in rats, as they grow
older®*15), On the other hand, many investiga-
tors have demonstrated that exercise enhance in-
sulin action in peripheral tissues”!”). As to older
subjects, Kahn SE et al.!") reported that exercise
training was capable of improving their insulin
action. Further, Yamanouchi et al.?? presented
that insulin resistance existed in aged subjects but
that insulin responsiveness in aged athletic sub-
jects reached to the same levels as those in young
subjects. However, few studies have been made
longitudinally. It has not been fully evaluated
whether the initiation of physical exercise in early

childhood could prevent or delay insulin resist-
ance associated with aging. Using the insulin
clamp technique in rats, therefore, we investi-
gated in this study (1) whether aging process
would induce glucose intolerance, and (2)
whether the initiation of physical exercise before
maturity would prevent aging-related insulin re-
sistance.

METHODS

Animals

Eighteen male Wistar rats, 1 month of age
were randomly assigned to three groups: mature
trained rats (MT); mature untrained ones (MU);
young untrained ones (YU). MT were housed in-
dividually for three months in wheelcages where
voluntary access to running was available at all
times. The untrained rats were kept in stan-
dardized individual cages, where they were not
able to exercise: MU for 3 months, and YU for 1
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month. The euglycemic clamp studies were per-
formed at 4 months of age for MT and MU, and
at 2 months of age for YU. The distance of run-
ning in MT reached more than 4000 m/day re-
spectively and their exercise was stopped at 48
hours before euglycemic clamp studies.

All rats were obtained from Chubu Kagaku
Shizai (Nagoya, Japan). They were housed in an
environmentally controlled room at 23°C with an
alternating 12-hour light/dark cycle and received
standard laboratory chow (Oriental East, Tokyo,
Japan) and water ad libitum.

Euglycemic Clamp Procedures

The whole study was carried out in the pos-
tabsorptive state. The rats were anesthetized with
pentobarbital sodium, 40 mg/kg intraperito-
neally. Catheters (Silascon, Dow Corning; ID,
0.20 mm; OD 0.37 mm) were inserted in the left
jugular vein and the right femoral vein. The tip of
the catheter in the jugular vein was placed in the
right atrium to sample whole-body venous return
blood. The catheter in the femoral vein was at-
tached to two infusion pumps (STC-521, Te-
rumo, Japan), which were used for the infusion
of insulin (Actrapid MC, Novo Nordisk, Den-
mark) and glucose solution. The insulin infusion
rates were 6 mU/kg/min between 0 and 60
minutes, and 30 mU/kg/min between 60 and
120 minutes. During euglycemic clamps, blood
glucose concentrations were determined by
means of the samples drawn at 5-minute intervals
and the infusion rates of glucose were adjusted to
maintain the basal level of glucose. The glucose
solution was 10%wt/vol during 6 mU/kg/min
clamp and 20%wt/vol during 30 mU/kg/min
clamp.

Analytical Procedures
Blood glucose concentration was measured by

the glucose oxidase method (model 23A glucose
analyzer, Yellow Springs Instrument, Ohio,
USA). Samples for plasma insulin determination
were obtained before insulin infusion, at 30, 60,
90, and 120 minutes after the start of insulin in-
fusion. Plasma insulin concentration was deter-
mined by radioimmunoassay (Insulin Reabead,
Dinabot, Japan).

Calculations

Glucose disposal rates (GDR) were calculated
by multiplying the glucose infusion rates by the
length of time the infusion rate was maintained.
The products during 30 to 60 minutes and during
90 to 120 minutes of the clamp studies were
averaged per minute respectively and adjusted by
body weight. Metabolic clearance rates of glucose
(MCR) were determined from GDR, which were
divided by mean blood glucose levels during eu-
glycemic clamp studies to reduce the influence of
the different blood glucose concentrations. All
values are presented as means+ SEM. Differen-
ces among the three groups were evaluated by
using one way analysis of variance (ANOVA).

RESULTS

Body weight, blood glucose concentrations,
and plasma insulin levels before and during
euglycemic clamp studies

Mean body weight, blood glucose concentra-
tion, and plasma insulin level before and during
euglycemic clamp studies are listed in Table 1.
Mean body weights were significantly higher in
MU and MT than in YU (P<0.01). There was
also a significant difference in mean body weight
between MU and MT (P<0.05). Before eu-
glycemic clamp, blood glucose concentration was
higher in MU than in MT and YU, but the
differences were not statistically significant.
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Table 1. Mean body weight, blood glucose concentrations, and plasma insulin levels before
and during euglycemic clamp studies

MT MU YU
n 6 6 6
Body weight (g) 403 £ 112> 443+ 14 307 6"
Blood glucose (mg/dl)
before euglycemic clamp 69+6 82+4 733
6 mU/kg/min clamp 68+4 82+4 73+6
30 mU/kg/min clamp 69+6 82+5 70+3
Plasma insulin (xU/ml)
before euglycemic clamp 14120 2120 15i1e
6 mU/kg/min clamp 88+6 114+ 16 89+ 14
30 mU/kg/min clamp 928 +70 1255+134 923172

Values are means + SEM. MT, mature trained rats; MU, mature untrained rats; YU, young

untrained rats; * P<0.05; > P<0.01

Compared with the other two groups, plasma in-
sulin level in MU
(P<0.01). During euglycemic clamp studies,
blood glucose concentrations and plasma insulin
levels were higher in MU than those in the other

increased significantly
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Figure 1. Metabolic clearance rates of glucose (MCR)
during 6-mU/kg/min euglycemic clamp studies. Re-
sults are means £ SEM. MT, mature trained rats; MU,
mature untrained rats; YU, young untrained rats;
**p<0.01.

MT

l
[$2]

two groups, but there were no significant dif-

ferences statistically.

Metabolic clearance rates of glucose
during euglycemic clamp studies

Figure 1 indicates metabolic clearance rates of
glucose (MCR) during 6-mU/kg/min euglycemic
clamp studies. MCR was significantly higher in
MT than in MU (21.4 £1.8 vs. 13.9+ 1.2 ml/kg/
min; P<0.01). MCR was also higher in YU
(17.4+1.7 ml/kg/min) than that in MU, but
there was no significant difference. The dif-
ference between MT and YU was also not statis-
tically significant.

MCR during 30 mU/kg/min clamp study
were drawn in Figure 2. Compared with MCR in
MU, that in MT was significantly elevated at
maximal hyperinsulinemia (40.543.6 vs. 26.1 %
1.1 ml/kg/min; P<0.01). MCR was also signifi-
cantly higher in YU (39.9 £ 3.5 ml/kg/min) than
those in MU (P<0.01). As during 6-mU/kg/
min euglycemic clamp, no statistic difference was
observed in MCR between MT and YU.
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Figure 2. Metabolic clearance rates of glucose (MCR)
during 30-mU/kg/min euglycemic clamp studies. Re-
sults are means = SEM. MT, mature trained rats; MU,
mature untrained rats; YU, young untrained rats;
**p<0.01.

DISCUSSION

In euglycemic clamp studies, MCR at sub-
maximal insulin level is thought to reflect insulin
sensitivity, which declines due to defects of
insulin binding levels or certain kinds of post-
binding levels involving coupling mechanisms in
peripheral tissues!'®'9. At maximally effective in-
sulin concentrations, MCR reflects insulin re-
sponsiveness, which indicates the capacity of
post-receptor binding levels.

Compared with YU, MCR in MU at maximal
insulin level declined significantly in this study.
Nishimura et al.'®) reported that maximal induced
glucose utilization decreased between 2 and 4
months of age using euglycemic clamp studies.
Other studies in rats also presented that insulin
resistance occurred markedly during their early
growth®. Like these studies, our results indi-
cated that the period of 4 months of age

appeared to cause insulin resistance in rats, pre-
dominantly because of decreasing insulin respon-
siveness. On the other hand, MCR were signifi-
cantly higher at any insulin infusion rate in MT
than in MU. In addition, no significant difference
was observed in MCR between MT and YU.
These results suggested that physical exercise
begun before maturity might prevent insulin re-
sistance with aging and maintain the levels of in-
sulin action similar to those in young rats.

Whether aging per se would reduce insulin ac-
tion or not remains to be discussed. Other factors
such as obesity and physical inactiveness may
play a crucial role. In this study, we do not deny
the influence of the different body weights. How-
ever, because there was no significant difference
in MCR between MT and YU in spite of the dif-
ference of body weights, we suppose that other
factors than body weight, probably aging process,
must be one of the important factors which re-
duced insulin action in MU. Nishimura et al.'®
also reported that decreased insulin responsive-
ness in older rats was not explained by the dif-
ference of body composition. The mechanism of
insulin resistance with aging also remains to be
investigated. Many reports showed that post in-
sulin binding defects mainly cause insulin resist-
ance®®. The reduced levels of GLUT4 with
aging, which would cause decreased insulin re-
sponsiveness, were reported in adipocytes and
skeletal muscles'>!®), On the contrary, several in-
vestigators showed that muscle GLUT4 content
in aged rats increased or maintained similar level
compared with that in young ratsh19),

Empirically and experimentally, physical exer-
cise has been known to improve glucose toler-
ance. Many in vivo and in vitro studies have
demonstrated that physical exercise enhance in-
sulin action through various mechanisms in target
tissues®*2%). Recently, glucose transport system
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has been well noticed. Several biochemical and
morphological studies on the rat’s skeletal muscle
have shown that exercise increases its glucose up-
take by the translocation of the GLUT4 trans-
porter from an intracellular storage pool to the
plasma membrane’?”. In addition, increased
GLUT4 mRNA by exercise training was also
shown in rat skeletal muscle homogenates!'®2). In
regard to the effects of exercise on aging-related
insulin resistance, Cartee et al.®) showed that sub-
stantial increase in the sensitivity of their muscle
glucose transport system to insulin was observed
after exercise regardless of age in rats . Although
we did not make experiments on glucose trans-
porter system and enzymatic activities in target
tissues, our in vivo data indicated that the con-
tinuation of physical exercise before maturity
might maintain the similar activity levels of glu-
cose uptake in peripheral tissues to those in
young rats.

In conclusion, our results suggested that (1)
aging process would decrease insulin action in
peripheral tissues predominantly because of post
insulin receptor binding defect, and that (2)
physical exercise started before maturity might
prevent or delay aging-related insulin resistance.
Further studies should be investigated, however,
in order to reveal what kind of mechanism causes
the delay of the occurrence of insulin resistance.

ACKNOWLEDGMENTS

This research was supported by grants from
the Ministry of Health and Welfare of Japan, Re-
search Grant 93A1106, and the Seventh Re-
search-Aid of the Meiji Life Foundation of
Health and Welfare.

1)

2

3)

4)

5)

6)

7

8)

9)

10)

11)

REFERENCES

Barnard, R.J.,, L.O. Lawani, D.A. Martin, J.F.
Youngren, R. Singh, and S.H. Scheck: Effects of
maturation and aging on the skeletal muscle glu-
cose transport system. Am. J. Physiol. 262: E619-
E626; 1992.

Bolinder, J., J. Ostman, and P. Arner: Influence
of aging on insulin receptor binding and metabolic
effects of insulin on human adipose tissue.
Diabetes 32: 959-964, 1986.

Cartee, G.D., C. Briggs-Tung, and E.W. Kietzke:
Persistent effects of exercise on skeletal muscle
glucose transport across the life-span of rats. J.
Appl. Physiol. 75: 972-978, 1993.

DeFronzo, R.A.: Glucose intolerance and aging.
Evidence for tissue insensitivity to insulin.
Diabetes 28: 1095-1101, 1979.

Fink, R.I., O.G. Kolterman, J. Griffin, and J.M.
Olefsky: Mechanisms of insulin resistance in
aging. J. Clin. Invest. 71: 1523-1535, 1983.
Goodman, M.N., S.M. Dluz, M.A. McElaney, E.
Belur, and B. Ruderman: Glucose uptake and in-
sulin sensitivity in rat muscle: changes during 3-96
weeks of age. Am. J. Physiol. 244: E93-100,
1983.

Goodyear, L.J., M.F. Hirshman, and E.S. Horton:
Exercise induced translocation of skeletal muscle
glucose transporters. Am. J. Physiol. 261: E795-
799, 1991.

Hughes, V.A., M.A. Fiatarone, R.A. Fielding,
B.B. Kahn, C.M. Ferrara, P. Shepherd, E.C.
Fisher, R.R. Wolfe, D. Elahi, and A.W. Evans:
Exercise increases muscle GLUT-4 levels and in-
sulin action in subjects with impaired glucose
tolerance. Am. J. Physiol. 264: E855-862, 1993.
James, D.E., E.W. Kraegen, and D.J. Chisholm:
Effect of exercise training on whole-body insulin
sensitivity and responsiveness. J. Appl. Physiol.
56: 1217-1222, 1984.

Kahn, C.R.: Insulin resistance, insulin insensitiv-
ity, and insulin unresponsiveness: a necessary dis-
tinction. Metabolism 27: 1893-1902, 1978.

Kahn, S.E., V.G. Larson, J.C. Beard, K.C. Cain,
G.W. Fellingham, R.S. Schwartz, R.C. Veith, J.R.
Stratton., M.D. Cerqueira, and I.B. Abrass: Effect
of exercise on insulin action, glucose tolerance,
and insulin secretion in aging. Am. J. Physiol.
258: E937-943, 1990.



12)

13)

14)

15)

16)

17)

ISAO OHSAWA, JUICHI SATO, YOSHIHARU OSHIDA, YUZO SATO

Kern, M., P.L. Dolan, R.S. Mazzeo, J.A. Wells,
and G.L. Dohm: Effect of aging and exercise on
GLUT-4 glucose transporters in muscle. Am. J.
Physiol. 263: E362-367, 1992.

Matthaei, S., H. Benecke, H.H. Klein, G. Krey-
mann, and H.H. Greten: Potential mechanism of
insulin resistance in ageing: impaired insulin
stimulated glucose transport due to a depletion of
the intracellular pool of glucose transporters in
Fisher rat adipocytes. J. Endocrinol. 126: 99-107,
1990.

Narimiya, M., S. Azhar, C.B. Dolkas, C.E. Mon-
don, C. Sims, D.W. Wright, and G.M. Reaven:
Insulin resistance in older rats. Am. J. Physiol.
246: E397-404, 1984.

Nishimura, H., H. Kuzuya, Y. Okamoto, Y.
Yoshimasa, K. Yamada, T. Ida, T. Kakehi, and H.
Imura: Change of insulin action with aging in con-
scious rats determined by euglycemic clamp. Am.
J. Physiol. 254: E92-98, 1988.

Olefsky, J.M., and J.M. Molina: Insulin resistance
in man. In: Rifkin, H. and Porte, D. Jr. ed.
Diabetes mellitus. 4th ed., New York: Elsevier,
1990: 121-153.

Oshida, Y., K. Yamanouchi, S. Hayamizu, and Y.
Sato: Long-term mild jogging increases insulin ac-
tion despite no influence on body mass index or
VO2 max. J. Appl. Physiol. 66: 2206-2210, 1989.

18)

19)

20)

21)

22)

Ploug, T., B.M. Stallknechit, O. Pedersen, B.B.
Kahn, T. Ohkuwa, J. Vinten, and H. Galbo: Ef-
fect of endurance training on glucose transport ca-
pacity and glucose transporter expression in rat
skeletal muscle. Am. J. Physiol. 259: E778-786,
1990.

Reed, M.J., G.M. Reaven, C.E. Mondon, and S.
Azhar: Why does insulin resistance develop dur-
ing maturation? J. Gerontology 48: B139-B144,
1993.

Rodnick, K.J., J.O. Holloszy, C.E. Mondon, and
D.E. James: Effects of exercise training on in-
sulin-regulatable glucose-transporter protein levels
in rat skeletal muscle. Diabetes 39: 1425-1429,
1990.

Wake, S.A., J.LA. Sowden, L.H. Storlien, D.E.
James, P.W. Clark, J. Shine, D.J. Chisholm, and
E.W. Kraegen: Effects of exercise training and
dietary manipulation on insulin-regulatable glu-
cose-transporter mRNA in rat muscle. Diabetes
40: 275-279, 1991.

Yamanouchi, K., H. Nakajima, T. Shinozaki, K.
Chikada, K. Kato, Y. Oshida, 1. Osawa, J. Sato, Y
Sato, M. Higuchi, and S. Kobayashi: Effects of
daily physical activity on insulin action in the el-
derly. J. Appl. Physiol. 73: 2241-2245, 1993.

(Received December 9, 1996)



