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ABSTRACT

This study analyzed the local and systemic effects of immobilization by denervation of the skeletal muscle on glucose
metabolism. The rats were submitted to section of the right paw sciatic nerve.  A reduction was observed in glucose
uptake by the isolated soleus muscle of the denervated paw after 3 and 7 days, but not after 28 days in relation to
the control animals.  There was no difference after 3 and 7 days in glucose uptake by the soleus muscle of the
opposite intact paw in relation to the control. There was increased glucose uptake in the same paw 28 days after
denervation. The rate of glucose removal in response to exogenous insulin after 28 days of denervation was
significantly higher than in control animals and those observed after 3 and 7 days of denervation. These results
suggest that immobilization by denervation interfered not only in glucose metabolism in the skeletal muscle involved
but also in other tissues.
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INTRODUCTION

It is known that glucose is an important energy
substrate for the organism and therefore, its
utilization has been exhaustively studied in various
physiological and pathological situations.
Peripheral insulin resistance is characterized
mainly by the decreased glucose uptake by the
skeletal muscle (Doherty et al., 1997). The
decrease in glucose uptake is associated with
failures both in the hormone coupling mechanism
to its specific receptor and in the post-receptor
events (Saad, 1994). Many efforts have been
dedicated to understand the mechanisms of insulin
action since its discovery in 1921. In the search for
understanding the processes that lead to insulin
resistance, various models have been proposed
over the last few decades, such as, denervation of

the skeletal muscle. The exact intracellular
signaling mechanism, which is mediated by the
insulin receptor and results in various biological
responses, has been partially
elucidated in the denervation model (Bertell i et al.,
2003). It is known that the immobilization of
skeletal muscle by denervation causes several
local alterations, in which glucose uptake and
glycogen synthesis are diminished (Smith et al.,
1988, Lin et al., 2002) as well as sensitivity to
insulin (Sowell et al., 1989). There is a reduction
in the activity of the regulatory pathways of
glucose metabolism and genic expression of
glucose transporters (Elmerndorf et al., 1997),
associated with the process of atrophy (Coderre et
al., 1992; Henriksen et al., 1991). In the skeletal
muscle, glucose transport is mediated by glucose
transporter protein GLUT-4. Insulin increases
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glucose transport by the translocation of GLUT-4
molecules coming from intracellular deposits to
the plasma membrane (Gumá et al., 1995).
According to Turinsky, 1987, the effect of
denervation on the muscle metabolism is
influenced  by the population  of  muscle fibers.
The metabolic disorder caused by the denervation
starts between 3 and 6 hours after section of the
nerve. As the signs of resistance to insulin occur
only in the denervated musculature, the opposite
paw muscle is used as control in the skeletal
muscle denervation model (Hofmann, 1987). Since
the first demonstration that the interruption of the
nerve that supplies the muscle results in insulin
resistance (Buse and Buse, 1959), denervation has
been used as tissue specifc model of insulin
resistance (Day et al., 2001, Paassen-Ijkema et al.,
2002, Bertelli et al., 2003). Few studies have
addressed the effects of the muscular alterations
arising from immobil ization by denervation on the
maintenance of glucose homeostasis by the
organism as a whole. Skeletal muscle and adipose
tissue are the two main sites of hypoglycemic
action of insulin and together compose almost
65% of the body weight (Guyton and Hall, 2000).
Thus, any alteration in sensitivity and/or
responsiveness of these tissues to the hormone
may impair glucose homeostasis. Therefore, this
study analyzed the local and systemic effects of
immobilization by denervation of the skeletal
muscle on the glucose metabolism of rats, to verify
if the model was adequate to studies on glucose
homeostasis under condition of partial
immobilization.

MATERIAL AND METHODS

Male wistar albino rats aged from 3 to 5 months
supplied by the UNESP experimental animal
facilities were used in the present experiment. The
animals had free access to food (Purina for
rodents) and water, being submitted to a
photoperiodic light/dark cycle of 12 h at a
temperature of 25ºC. For denervation, the rats
were anesthetized with sodium pentobarbital,
(Thiopental, ABBOTT, SP), at a concentration of
50 mg/Kg of body weight, and tricotomized in the
posterior portion of the thighs from which a
portion of the sciatic nerve from the right paw was
sectioned and removed (Coderre et al., 1992). The
animals were divided into four groups: 1)Control:
intact animals; 2)Denervated 3 days: analyzed 3

days after denervation; 3)Denervated 7 days:
analyzed 7 days after denervation; 4)Denervated
28 days: analyzed 28 days after denervation. In a
first series of experiments, glucose metabolism in
the isolated soleus muscle was checked after
sacrificing the animals by decapitation.  The
muscle was isolated with the minimum possible
lesion and longitudinal strips weighing 25 – 35 mg
(wet weight) were first incubated for 30 min at
37ºC in a Dubinoff water bath (FANEN, MODEL
145), inside glass scintil lation vials containing 1.5
mL of a Krebs bicarbonate buffer (NaCl 0.6%;
HEPES 6.64 mM; KCl 0.032%; CaCl2 1.14mM;
KH2PO4 0.015%; NaHCO3 0.19%; MgSO4 0.03%)
equilibrated with a mixture of 95%O2-5%CO2, pH
7.4. After this, the muscle strips were transferred
to new glass scintil lation  vials (outer vials)
containing 1.5 mL of Krebs-bicarbonate buffer
supplemented with glucose 5.5 mM, containing
[U14C]glucose (0.25 mCi/mL) and [3H+] 2-
deoxiglucose (2DG, 0.5 µCi/mL) and insulin (100
µU/mL). Inside these scintil lation vials, other glass
vials (inner vials), which  were formed like a
scoop with an upwards-directed straight shaft,
containing 700mL of hyamine 10-x were installed.
The shafts of the inner vials were squeezed about 1
cm through a small hole in a round rubber
membrane. The outer vials were sealed with the
rubber membrane and lacked with plastic rings.
This system, containing the muscle strips, was
incubated in the Dubinoff water bath for 60 min.
The release of CO2 was stimulated by the injection
of 200 µL of trichloroacetic acid (TCA) 25% into
the outer vials and the CO2 was trapped in hyamine
10-x during a further 3 h incubation at 37ºC.
Lactate production was determined by measuring
the radioactivity of the 14C in the outer vial
incubation medium after separation of the
substrate using Dowex-2 ion exchange columns.
Glucose incorporation to glycogen (glycogen
synthesis) was determined by measuring the
radioactivity of the 14C in the precipitated obtained
during muscle glycogen extraction process
(Sjorgreem et al., 1938). Glucose oxidation was
estimated by the measurement of the radioactivity
of the 14C in the inner vial liquid. Glucose (2DG)
uptake was evaluated in the alkaline phase
obtained during muscle glycogen extraction
process, by measuring the radioactivity of the
3H+. All measurements of radioactivity were
carried out in a PACKARD Tricarb 2100
scintil lation counter, in a TRITON X-100 toluene-
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based scintil lant (Silva et. al., 2000). Intravenous
insulin tolerance test (ittiv) was carried out in a
second series of experiments. Animals from all the
groups received insulin (mixed regular purified),
injected in the penial vein at the concentration of
1UI/mL in the dose of 1UI/Kg of body weight.
Blood samples (100 µL) were collected from the
femoral vein in 1 mL syringes before (time 0) and
after 2:30, 5:00, 10:00, and 20:00 (min) of the
administration of insulin, for serum glucose
determination.  Glucose removal rate (Kitt), during
the insulin tolerance test was calculated according
to Lundbaek (1962) using the computer program
ORIGIN 6.0. After 60 min of insulin infusion for
the ittiv, the rats were sacrificed by decapitation
for the removal of li ver fragments to analyze the
effects of the administration of exogenous insulin
on the glycogen contents (Lo et al., 1970).
Statistical analysis of the data was done by the
analysis of variance followed by the Tukey test,
wherever appropriate. In all the cases, the critical
level of 5% (p<0.05) was fixed.

RESULTS

In the first series of experiments, a significant
reduction was observed in glucose uptake by the
soleus muscle of the denervated paw after 7 days,
in relation to the control group (Fig 1). However,
there were no significant differences in the
denervated paw after 3 and 28 days in relation to
the control group. Glucose uptake was also
assessed in the soleus muscle of the opposite paw
in control and denervated animals groups after 3, 7
and 28 days. The results showed that there was no
alteration in the intact opposite paw of the

denervated animals after 3 and 7 days but a
significant increase was observed in glucose
uptake by the soleus muscle of the opposite paw of
the denervated animal after 28 days, in comparison
to the control animal (Fig 1). In addition, glucose
oxidation and glycogen synthesis by the isolated
soleus muscle were also analyzed. There was no
difference in glucose oxidation either between
the animals denervated paws after 3 and 28 days,
as in the opposite soleus of denervated animals
after 3, 7 and 28 days in relation to the control
animal. However, glucose oxidation diminished in
the denervated paw after 7 days (Fig 2).
In regard to glycogen synthesis, there was a
decrease in the denervated animals and opposite
paws after 3 and 7 days, and increase in the
denervated animals and opposite paws after 28
days in relation to the control rat (Fig 3).
In the second series of experiments, the rate of
blood glucose removal (Kitt) was assessed in rats
submitted to an intravenous insulin tolerance test
(ittiv). The results obtained are described in Figure
5. The animals Kitt values after 28 days of
denervation were significantly higher than those of
the control animals and those after 3 and 7 days of
denervation (Fig 5). Since the li ver was
exceptionally important in glucose metabolism,
and for this reason, liver glycogen contents were
checked after the intravenous insulin tolerance
test, with the aim of  assessing  the effects  of
exogenous  insulin.
The results showed an increase in the denervated
animals liver glycogen stocks after 3 and 7 days in
relation to the control animals. However, there was
no alteration in these contents in animals after 28
days of denervation (Fig 4).
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Figure 1 - Glucose uptake by the soleus muscle (mean ± standard error) for rats in all
groups. The (+) sign refers to the denervated paw, while the (-) sign refers to
the opposite  paw of the same animals. Control refers to intact animals. (* )
Significant difference, P< 0.05 in relation to control group.  n = 7 to 10
muscle strips per group.

Figure 2 - Glucose oxidation by the soleus muscle (mean ± standard deviation) in rats of
all groups. The (+) sign refers to the denervated paw while the (-) sign refers
to the opposite paw of the same animals. Control refers to intact animals. (* )
Significant difference, P< 0.05 in relation to the control group. n = 8 to 10
muscle strips.
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Figure 3 - Glycogen synthesis by the soleus muscle (mean ± standard error) in rats of all
groups. The (+) sign refers to the denervated paw while the (-) sign refers to
the opposite  paw of the same animals. Control refers to intact animals. (* )
Significant difference, P< 0.05 in relation to the control group. n = 10 to 13
muscle strips.

Figure 4 - Liver glycogen content (mean ± standard error) after 60 minutes of insulin
(1UI/Kg). Administration intravenously to  animals of all the groups. Control
refers to intact animals. Denervated 28 days rats show contents similar to
controls. (* ) Significant difference, P< 0.05 in relation to the control rat. n =
5 to 10 rats per group.

 

0,0

0,5

1,0

1,5

2,0

2,5

3,0

3,5

4,0

Denervation

*

* * *

*

*

- -- + ++

Denervated 28 days
Denervated 7 days
Denervated 3 days
Control

 

G
ly

co
ge

n
 S

yn
th

es
is

 [µ m
ol

/g
(w

et
 w

ei
g

ht
).

h]

 
0

2

4

6

8

10

12

14

Denervated 28 days
Denervated 7 days
Denervated 3 days
Control

*
*

 

Li
ve

r G
ly

co
ge

n 
C

on
te

nt
 [m

g/
10

0 
m

g 
of

 ti
ss

ue
 (w

et
 w

ei
gh

t)]



Nunes, W. M. S. and Mello, M. A. R.

Brazilian Archives of Biology and Technology

546

Figure 5 - Blood glucose removal rate (Kitt), during tolerance to insulin test (mean ±
standard error) in rats of all the groups. Control refers to whole animals. (* )
Significant difference, P< 0.05 in relation to the control rat. n = 8 to 10
animals per group.

DISCUSSION

In this study, it was found that glucose uptake by
the soleus muscle, induced by insulin, underwent
variation among the groups. After 7 days of
denervation, the animals had diminished glucose
uptake by the soleus muscle of the denervated
paw. However, the opposite paw continued to
show values close to those of the control animal.
This reduction in glucose uptake by skeletal
muscle after 7 days of denervation has been
reported in the literature. Studies have show in
decreased glucose uptake in the denervated
skeletal muscle of rats after 3 days and 7 days
(Turinsky, 1987, Hirose et al., 2001, Turinsky and
Damrau-Abney, 1998). The mechanism by which
the reduction in glucose uptake occurs in
denervated muscle for 3 and 7 days is partly
related to the alteration of the internal chemical-
enzymatic cascade reaction mechanisms, which
culminate in the translocation of the glucose
transporter to the plasma membrane (Bertelli et al.,
2003 e Hirose et al., 2001).  There was no
alteration in the glucose uptake by the soleus
muscle of the denervated paw after 28 days. On
the other hand, glucose uptake by the soleus
muscle of the opposite paw of this same group was
significantly higher than that of the intact control
group. Davis and Karl (1988) found that glucose
transport in the rat denervated skeletal muscle in

the presence of insulin is reduced between the 3rd

and 7th day of denervation, increased after 7 days
and increased even more on the 10th day of
denervation. The reduction in glucose transport in
response to insulin between the 3rd and the 7th day
of denervation suggests resistance to insulin in the
denervated skeletal muscle, with a return of the
normal response to insulin from the 10th day on
(Davis and Karl, 1988). Denervation inhibits
multiple aspects of glucose metabolism in the
skeletal muscle, apart from the uptake, such as:
incorporation of the glucose in glycogen, glucose-
6-phosphate content and activity of the glucogen
synthase enzyme (Burant et al., 1984). These
changes have been attributed to the losses of the
trophic factor derived from the nerve and/or the
electrical stimulation by the nerve (Davis and
Karl, 1988). Glucose oxidation was diminished in
the animal’s denervated paw after 7 days (Fig 2).
This datum suggests that the use of the glycolitic
path by glucose was affected. There is a recovery
of the use of this path in the soleus muscle of
denervated animals after 10 days (Davis and Karl,
1988). This latter information was confirmed in
this study, because after 28 days of denervation,
the values of glucose oxidation by the soleus
muscle returned to normal. Muscle atrophy was
generally evident after the 3rd day of denervation
and considerably greater on the 7th day of
denervation. According to Wallis et al.,(1999)
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decline in glycogen synthetase or phosphorilase
activity in the denervated muscle was among the
factors responsible for the atrophy. This atrophy
occurs to a greater or lesser extent depending on
the type of muscle fiber. The data in this study
with reference to glycogen synthesis showed its
decrease in both the denervated paw which
increased after 3 and 7 days after denervation. On
the other hand, glycogen synthesis after 28 days
increased in relation to the control. In summary,
the results of this study, with reference to glucose
metabolism in the denervated skeletal muscle,
confirmed and broaden information already
described in the literature. Once the suitability of
the model had been established, one proceeded
with analyzing the effect of denervation of the
skeletal muscle on the animal’s glucose
homeostasis.  To do this, blood glucose removal
rate (Kitt) as well as liver glycogen contents after
“ in vivo” administration of exogenous insulin were
evaluated. The results showed alteration in the
liver glycogen stock of the rats submitted to
denervation in relation to the controls after
exogenous insulin administration. The significant
increase in the liver glycogen content of rats after
3 and 7 days of denervation in relation to the
controls and the decrease after 28 days of
denervation suggested an alteration in li ver
sensitivity to the hormone in the rats submitted to
denervation. Taken together, the results found in
the soleus muscle and in the liver suggest an
expected metabolic interrelationship between li ver
glycogen content after 3, 7 and 28 days and
muscle glucose uptake and glycogen synthesis
rates. The higher the liver glycogen stores, the
lower the muscle glucose uptake and glycogen
synthesis rates occurred after 3 and 7 days after
denervation, which was reversal 28 days after
denervation. Further investigation could be
required for this metabolic association. The blood
glucose removal rate (Kitt) in response to
exogenous insulin administration was significantly
higher in the rats after 28 days of denervation in
relation to the controls and to the values observed
after 3 and 7 days of denervation. Circulating
glucose profile observed during the insulin
tolerance test seemed to reflect long term
adaptations of the organism as a whole to the
partial immobil ization imposed by denervation of
the skeletal muscle. After 3 and 7 days of
denervation, the blood glucose removal rate in
response to exogenous insulin not alter in
comparison with the control animal. Thisd could

be due, at least in part, to the increase in sensitivity
to insulin by the hepatic tissue. However, after 28
days of denervation, the increase observed in the
blood glucose removal rate in response to insulin,
was probably related to the increase in sensitivity
to the hormone in the intact skeletal muscle, as
suggested by the results of glucose uptake by the
isolated soleus muscle in the opposite paw of the
rats submitted to denervation. It could be
concluded that the denervation of the skeletal
muscle not only caused local metabolic alterations,
but also  interfered with the glucose metabolism of
the organism as a whole. Thus, rats submitted to
partial immobil ization by denervation of the
skeletal muscle could constitute a useful model for
the study of glucose homeostasis under the
condition of immobilization.
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RESUMO

O estudo analisou os efeitos locais e sistêmicos da
imobilização por desnervação do músculo
esquelético sobre o metabolismo glicidico. Ratos
foram submetidos à secção do nervo ciático da
pata direita. Observou-se redução da captação de
glicose pelo músculo sóleo isolado da pata
desnervada após 3 e 7  mas não após 28 dias  em
relação a animais controle. Não houve diferença
após 3 e 7 dias na captação de glicose pelo
músculo sóleo da pata contralateral intacta em
relação ao controle. Houve aumento da captação
de glicose nesta mesma pata 28 dias após a
desnervação. A taxa de remoção da glicose em
resposta à insulina exógena após 28 dias de
desnervação foi significantemente superior à do
controle e àquelas observadas após 3 e 7 dias da
desnervação. Esses resultados sugerem que a
imobilização por desnervação interfere não só no
metabolismo da glicose no músculo esquelético
envolvido como também em outros tecidos.
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