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Abstract 
 

 The incidence of insulin resistance increases with age. This work tested the effect of exercise on age-
induced insulin resistance and the possible involved mechanisms. Six groups of rats were used: 4 months 
old, 14 months old and 24 months old, either with and without exercise training. Swimming exercise training 
was performed 2h/day, 5days/week for 6 weeks. Insulin resistance was assessed by measuring serum 
glucose, serum insulin and homeostasis model assessment of insulin resistance (HOMA-IR) index. Serum 
levels of catecholamines, inflammatory cytokines and total antioxidant capacity (TAC) together with skeletal 
muscle Glut4 mRNA expression were assessed. Aged rats developed insulin resistance associated with 
increased serum catecholamines and inflammatory cytokine levels, decreased serum TAC and suppression of 
skeletal muscle Glut4 expressions. Exercise training reversed the developed insulin resistance and restored 
the values of catecholamines, inflammatory cytokines and skeletal muscle Glut4; however, it did not modify 
TAC. It was concluded that exercise could reverse aging-induced insulin resistance in rats by decreasing 
catecholamines and inflammatory cytokines production and also by increasing Glut4 expression in skeletal 
muscles. 
 
Keywords: Exercise, Insulin resistance, Aging, Catecholamines, Pro-inflammatory cytokines, Total 
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1. Introduction 
 

  Aging can be simply defined as a process of 
gradual reduction in the functional reserve of the 
body [1,2]. It is characterized by a progressive 
decline in the ability of the body to maintain 
homeostasis [3,4]. Aging is associated with an 
increase in insulin resistance [5]. Some researchers 
[6,7,8] have suggested assigning insulin resistance to 
aging-associated obesity, instead of to aging itself. 
However, Fink et al. [5] showed development of 
insulin resistance in non-obese elderly humans, 
suggesting that the increase in insulin resistance 
was a function of age. 

Several mechanisms involved in aging-induced 
insulin resistance, specially oxidative stress [9]. 
Antioxidant enzymes were significantly decreased 
in old rats compared to young rats, suggesting a 
reduction in the capacity of the body to remove free 
radicals in old rats. [10]. Ageing is also associated 
with increased inflammatory activity, including 
elevated circulating levels of tumor necrosis factor 
(TNF)-α [11,12] and interleukin (IL)-6 [11,13,14]. These 
cytokines are closely linked to insulin resistance 
[15,16]; so increased inflammatory activity in the 
elderly may reflect age-related insulin resistance. In 
addition, plasma norepinephrine concentration was 
found to be ~66% higher in older than in younger 
males. The enhanced circulating catecholamines 
ultimately lead to insulin resistance [8]. 

The ability to control the blood glucose level 
progressively reduces during the life span [17,18]. A 
gradual decline in skeletal muscle glucose uptake 
was observed during the phase of growth [18,19]. 
Variations of glucose transporters (GLUTs) in the 
skeletal muscle have been reported, namely, the 
glucose transporter type 4 (GLUT4). GLUT4 is a 
protein that exists in many tissues specifically in 
skeletal muscle. This protein is required for glucose 
uptake from plasma and reduction of blood glucose 
[20,21]. 

Exercise training is recorded as an effective 
method for both the prevention and the reversal of 
insulin resistance; however, how exercise training 
ameliorates insulin resistance is still unknown [22,23]. 
Swimming exercise is an aerobic exercise that uses 
large-muscle groups [24,25]. Aerobic exercise is 
generally prescribed to diabetic patients, as it treats 
associated glucose abnormalities [26]. 

Physical exercise has possessed a key role in 
tissue homeostasis, associated with increased 
antioxidant defenses as well as decreased systemic 
inflammation [27,28,29]. In addition, although exercise 
training can be considered as a stressor that is able 
to increase plasma catecholamine concentrations; [30] 

however, catecholamine concentrations are 
influenced by many factors as gender and age in 
response to exercise [31]. 
There is evidence that exercise training has a role in 
skeletal muscle regulation of glucose metabolism. 
Muscular glucose uptake during exercise can 
increase up to 50-fold [32]. Glucose uptake by 
contracting skeletal muscle depends on the presence 
of GLUT4, which is the main glucose transporter 
existed in skeletal muscle [33].  

The goal of the present study was to 
characterize the development of insulin resistance 
during the natural aging process in 4-month-old 
(young), 14-month-old (middle-aged), and 24-
month-old (old) male Wistar rats, assessed by 
measuring fasting serum glucose level, fasting 
serum insulin level and homeostasis model 
assessment of insulin resistance (HOMA-IR) index. 
Also, the potential effect of physical exercise was 
evaluated in order to develop strategies that allow 
old individuals who developed insulin resistance to 
perform exercise in a safe way that contributes to 
the glycemic control. With a trial to clarify some of 
the possible involved mechanisms, several 
parameters were assessed including serum 
catecholamines, inflammatory markers and total 
antioxidant capacity (TAC) in addition to skeletal 
muscles GLUT4 transporters.  
 
2. Materials and Methods 
 
2.1 Animals 
 

The present study was conducted on 48 adult 
male albino Wistar rats. Animals were housed in the 
animal laboratory at the medical research center of 
the Faculty of Medicine, Benha University. They 
were housed at room temperature (25 °C) with a 12 
h light: 12 h dark cycle. Animals were fed with a 
balanced diet and tap water. The animal procedures 
were performed in accordance with the guidelines 
of the Ethics Committee, Faculty of Medicine, 
Benha University. 
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2.2 Experimental design 
 

Rats were randomly divided into six equal 
groups (n:8). Group I (4M group): 4 months old rats 
(similar to 14 years of age in humans) [34] without 
swim exercise training. Group II (4ME group): 
4 months old rats (similar to 14 years of age in 
humans) with swim exercise training for 6 weeks 
[35]. Group III (14M group): 14 months old rats 
(equivalent to 50 years of age in humans) [34] 
without swim exercise training. Group IV (14M-EX 
group): 14 months old rats (equivalent to 50 years 
of age in humans) with swim exercise training for 6 
weeks [35]. Group V (24M group): 24 months old 
rats (approximately 84 years of age in humans) [34] 
without swim exercise training. Group VI (24M-EX 
group): 24 months old rats (approximately 84 years 
of age in humans) with swim exercise training for 6 
weeks [35]. Body weight was recorded weekly 
during the experimental period, and before 
decapitation for all groups. 

At the end of the experiment period, animals 
were anaesthetized with urethane (1.5 g/kg; i.p.) 
after 12 hour fasting. Rats were then sacrificed by 
decapitation and blood samples were collected 
through cardiac puncture for serum separation and 
estimation of fasting glucose level, fasting insulin 
level, HOMA-IR index, TAC, inflammatory 
markers (TNF-α and IL-6) and catecholamines. The 
hindlimb gastrocnemius muscle was rapidly 
removed from each rat, washed with ice-cold 
normal saline and stored at -80°C for further 
analysis of GLUT4 mRNA expression using real 
time RT-PCR.   
 
2.3 Exercise protocol 

Swimming exercise was done in a circular tank 
80 cm in diameter and 90 cm in height, filled to 60 
cm mark with 32- 35°C water. The protocol of 
swim – training (equivalent to moderate training) 
was 2 hours/day, 5 days/week for 6 weeks. In the 
first week, the duration of the swimming session 
was slowly increased from 20 minutes in the 1st day 
to reach 120 minutes by the 5th day for adaptation 

(progressive training) [35]. To serve as controls for 
the effects of handling and exposing to water, 
sedentary control rats were immersed in water for 5 
minute at the beginning of every swimming session. 
 
2.4 Biochemical analysis 
 

Blood samples were allowed to clot and serum 
was separated by centrifugation at 3000 revolution 
per minute (rpm) for 15 min and stored at             
20°C in dark containers for biochemical assessment;  
       Determination of Fasting Serum Glucose, 
fasting serum Insulin and HOMA-IR:  

Fasting serum glucose was estimated by the 
glucose oxidase–peroxidase method (GOD–POD 
kit). Fasting serum insulin level was carried out 
using an enzyme linked immunosorbent assay kit 
(ELISA, Boehriger Mannheim Immunodiagnostics, 
and Mannheim, Germany). Insulin resistance was 
assessed by HOMA (homeostatic model 
assessment) using the following formula: HOMA-
IR = fasting glucose value (mg/dl) × fasting insulin 
value (µU/ml)/405. A HOMA value that is > 2 was 
used to identify significant insulin resistance [36]. 

Determination of serum TAC: 
To measure TAC of serum, Ferric reducing 

antioxidant power (FRAP) assay developed by 
Benzie and Strain [37] was carried out on serum 
samples and the reduction of the ferric to ferrous 
ion by antioxidants was assessed using 
spectrophotometry at 593 nm wavelength.  

Determination of serum TNF-α and IL-6:  
Serum TNF-α and IL-6 was determined using 

an enzyme-linked immunosorbent assay (R&D 
Systems, Minneapolis, Minnesota, USA).  

Determination of serum catecholamines:  
The quantitative determination of serum 

catecholamines was performed using rat adrenaline 
and Noradrenaline ELISA kits (Labor Diagnostica 
Nord GmbH & Co. KG, Germany), according to the 
manufacturer's instructions.  

 
2.5 RT-PCR analysis 

The tissue was homogenized using a Mixer 
Mill MM400 (Retsch, Germany). Total RNA was 
isolated from 25 mg tissue using total RNA 

The tissue was homogenized using a Mixer 
Mill MM400 (Retsch, Germany). Total RNA was 
isolated from 25 mg tissue using total RNA 

purification kit(Jena Bioscience Germany). The 
concentration and purity of the RNA were 
determined by measuring the absorbance at 260/280 
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nm. 2 µg mRNA was reverse transcribed into 
cDNAs by using the iScript cDNA kit (Bio-Rad, 
Hercules, CA, USA). The amount of GLUT4 
mRNA was determined with ABI Prism 7900HT 
quantitative real-time PCR (Applied Biosystems, 
Foster City, CA). The primers were as follows: 
GLUT4 (forward: 5′-
GTGTGGTCAATACCGTCTTCACG-3′; reverse: 
5′-CCATTTTGCCCCTCAGTCATTC-3′). PCR 
amplification was carried out in a 20µl reaction 
mixture (2 µl of cDNA and 200 nmol/l primers for 
GLUT4 and 1 µl SYBR green). The temperature 
program was as follow: inactivation of reverse 
transcriptase at 95°C for 15 min, followed by 40-
cycles of 95°C for 15 s, 55°C for 30 s, and 76°C for 
30 s. The specificity of the PCR results was 
confirmed by dissociation curve analysis. 
According to the RQ manager program ABI SDS 
software (ABI 7900), the data are produced as 
sigmoid shaped amplification plots in which the 
number of cycle is plotted against fluorescence 
(when using linear scale). The housekeeping gene 
β-actin was used as a control with the following 
primers: (forward, 5′-TGG CAC CAC ACC TTC 
TAC AA-3′ and reverse, 5′-TCA CGC ACG ATT 
TCC CTC TC-3′) Fluorescent emission data were 
captured and mRNA levels were analyzed using the 
critical threshold (CT) value. The ΔCT was 
calculated by subtracting the CT for β-actin from 
the CT for the gene of interest and divided by the 
ΔCT of a control sample on every plate to control 
for any plate-to-plate variation. The relative 
expression of the gene is calculated using the 
expression 2−ΔCT and reported as arbitrary units.  

 
2.6 Statistical analysis 
 

All analyses were performed using the 
program “Statistical Package for Social Sciences 
(SPSS) version 16” (SPSS Inc, Chicago, IL, USA). 
The data were presented as mean ± standard 
deviation (SD). Student’s t-test was used for 
comparison between individual groups. Probability 
p < 0.05 was considered statistically significant. 
 
3. Results 
 

Effect of exercise training on body weight, 
serum glucose level, serum insulin level and 

HOMA-IR index in 4, 14, and 24 month-old rats 
(Table 1): 

The rats of the two experimental groups at the 
same age had nearly the similar initial body 
weights. Swim exercise training for 6 weeks did not 
significantly modify body weight within groups of 
the same age (Table 1).  

The analysis of insulin resistance-related 
parameters revealed significant elevation of serum 
glucose level, serum insulin level and HOMA-IR 
index in 14 M and 24 M rats as compared to 4 M 
rats (p < 0.05).  Exercise training did not modify 
serum glucose level, serum insulin level or HOMA-
IR index in 4 M rats, but completely reversed the 
aging-induced insulin resistance developed both in 
14 M and 24 M animals (Table 1). 

Effect of exercise training on serum 
catecholamines, serum TAC and serum pro-
inflammatory cytokines in 4, 14, and 24 month-old 
rats (Table 2): 

Aging significantly increased serum 
catecholamines (adrenaline and noradrenaline) in 
14 M and 24 M rats compared to 4 M rats 
(p < 0.05). Exercise training did not modify plasma 
catecholamines in 4 M animals; however, in 14 M 
and 24 M rats, exercise training prevented the 
increase in circulating catecholamines (Table 2). 

Aging significantly decreased TAC in 14 M 
and 24 M rats compared to 4 M rats (p < 0.05). 
Exercise training did not significantly modify TAC 
either in 4M rats or in 14M and 24M rats (Table 2). 

As regard pro-inflammatory cytokines, TNF-α 
and IL-6 increased significantly in 14 M and 24 M 
rats compared to 4 M rats (p < 0.05). However, 
these elevated cytokines showed significant 
reduction in rats subjected to exercise training 
(p˂0.05) compared to sedentary rats. (Table 2). 
        Effect of exercise training on skeletal muscles 
GLUT4 mRNA expression in 4, 14, and 24 month-
old rats (Fig. 1): 

         The expression of Glut4 transporters in 
skeletal muscle significantly decreased by ∼ 50% 
and ∼ 70% in 14 M and 24M respectively compared 
to 4 M rats (p < 0.05). Exercise training restored 
Glut4 expression to control levels,Fig. 1
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Table 1: Effect of exercise training on body weight, serum glucose level, serum insulin level and HOMA-IR index 
in 4-, 14-, and 24-month-old rats. 

 4- month-old group 14- month-old group 24- month-old group 
Without 
exercise 

With exercise Without 
exercise 

With exercise Without 
exercise 

With exercise 

Body weight 
(g) 

392±13 395±16 503±22* 508±28 711±34* 715±45 

Serum Glucose 
(mg/dl) 

96.6±2.71 97.5±4.63 

 

127.2±3.87* 

 

98.4±4.69# 

 

129.2±3.24* 

 

97.1±2.68# 

 
Serum insulin 

(µIU/ml) 
4.2±0.86 

 

4.4±0.79 

 

5.3±0.34* 

 

4.7±0.18# 

 

5.5±0.45* 

 

4.6±0.29# 

 

HOMA-IR 
index 

1.02±0.53 

 

1.04±0.37 

 

2.13±0.51* 

 

1.03±0.20# 

 

2.18±0.24* 

 

1.05±0.19# 

 

HOMA-IR, homeostasis model assessment of insulin resistance. Data is expressed as mean ± standard deviation (n = 8 
per group). P < 0.05 is significant tested by using One-way analysis of variance and Student’s t-test. * P < 0.05 
compared with 4-month-old rats without swim exercise training; # P < 0.05, compared with values without swim 
exercise training within groups. 

Table 2: Effect of exercise training on serum catecholamines, serum inflammatory cytokines and serum total 
antioxidant capacity in 4-, 14-, and 24-month-old rats. 

 4- month-old group 14- month-old group 24- month-old group 
Without 
exercise 

With exercise Without 
exercise 

With exercise Without 
exercise 

With exercise 

Adrenaline (pmol/ml) 26.3±2.42 27.5±3.36 35.1±1.81* 30.5±3.53# 39.0±2.12* 33.1±4.26# 

Noradrenaline 
(pmol/ml) 

18.7±3.51 19.0±2.40 34.2±1.24* 22.5±2.62# 38.3±3.44* 27.0±3.14# 

TAC (mmol/l) 1.61±0.03 1.59±0.02 1.16±0.03* 1.15±0.01 

 

1.03±0.04* 1.01±0.03 

Serum TNF-α 
(pmol/ml) 

42.6±24 41.6±19 86.1±16* 57±12# 

 

123±23* 

 

89±33# 

 
Serum IL-6 
(pmol/ml) 

39.2±27 40.2±20 63±18* 48±22# 

 

85±21* 

 

56±19# 

 

TAC, total antioxidant capacity; TNF-α, tumor necrosis factor alpha; IL-6, interleukin -6. Data is expressed as mean ± 
standard deviation (n = 8 per group). P < 0.05 is significant tested by using One-way analysis of variance and 
Student’s t-test. * P < 0.05 compared with 4-month-old rats without swim exercise training; # P < 0.05, compared with 
values without swim exercise training within groups. 
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Figure 1: Effect of exercise training on skeletal muscle GLUT4 mRNA expression in 4-, 14-, and 24-month-old rats. 

GLUT4, glucose transporter 4. Data is expressed as mean ± standard deviation (n = 8 per group). P < 0.05 is 
significant tested by using One-way analysis of variance and Student’s t-test. * P < 0.05 compared with 4-month-old 
rats without swim exercise training; # P < 0.05, compared with values without swim exercise training within groups. 
The values represent the mRNA expression levels relative to control (Control group set as 100%). 

 
4. Discussion 

The interaction of multiple factors associated 
with aging contributes to age-related changes in 
glucose tolerance found in elderly population. [39,40]. 
The current study examined the development of 
insulin resistance in a naturally aging rat model. It 
was found that aged rats developed an increase in 
insulin resistance represented by, significant 
elevation of serum glucose, serum insulin and 
HOMA-IR index. This finding is in agreement with 
previous observations [41,42]. Swim exercise training 
for 6 weeks was seen to reverse insulin resistance 
induced by aging in rats. These findings are in line 
with recent studies reported that exercise could 
ameliorate insulin resistance [43,44,45,46]. To 
understand the mechanisms underlying the impact 
of exercise on age- induced insulin resistance, 
serum levels of catecholamines, pro-inflammatory 
cytokines and TAC together with Glut4 mRNA 
expression level in skeletal muscles were assessed. 

The present data showed increased level of 
circulating catecholamines in aged animals, an 
effect that is supported by a previous report of Di 
Nardo’s group [47]. The elevated levels of 
catecholamines could be explained by a significant 
reduction in catecholamines clearance from plasma 
[48]. Catecholamines play an important role in 
carbohydrate metabolism. Their hyperglycemic 
actions are exerted directly (by stimulating both 
hepatic gluconeogenesis and glycogenolysis, 
leading to increased hepatic glucose production) [49], 
and indirectly (by inhibition of pancreatic insulin 
secretion) [50]. Nevertheless, their main effect is 
inhibitory on glucose uptake by the muscles. 
Exercise training restored circulating adrenaline and 
noradrenaline in aged animals to values observed in 
young 4M control rats. This reduction in 
catecholamines concentration during exercise can 
be explained by the increase in their clearance, 
which according to Sacca et al. [51] due to increased 
blood flow in the tissues that are responsible for 
elimination of these hormones.  
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Aging is also associated with increased levels 
of serum inflammatory cytokines in the examined 
rats models. The 14 M and 24 M animals showed 
elevated levels of TNF-α and IL-6 compared to the 
4 M control group. Abood and Alghamdi [52] 
recently showed a highly significant positive 
correlation between insulin resistance index 
(HOMA-IR) and proinflamatory cytokines in aged 
rats. They attributed the state of age related insulin 
resistance to the state of chronic inflammation 
displayed in old rats. Inflammatory cytokines such 
as TNF-α and IL-6 have been related to reduce 
GLUT4 expression [53,54], consequently lowering 
glucose uptake by muscle [55,56,57]. Plomgaard 
[58]recently reported that an increase in plasma 
levels of TNF-α down regulates insulin signaling 
and whole body glucose uptake because of a 
decreased insulin-mediated glucose uptake in the 
skeletal muscle with an unchanged endogenous 
glucose production. Exercise significantly reduced 
levels of TNF-α and IL-6 in 14-month and 24-
month-old rats, supporting the role of exercise in 
the improvement of age-induced insulin resistance. 
Several interventional studies report that exercise 
reduces inflammatory markers such as TNF-α and 
IL-6, in the elderly [59,60,61].  

The availability of antioxidants has become 
altered with age. The current study indicated that 
antioxidant enzyme activity was significantly 
reduced in old rats as compared with young rats, 
suggesting a decrease in the capacity of the body to 
remove free radicals in old rats, an effect that is in 
accordance with the work of other investigators [34]. 
In the absence of an appropriate compensatory 
response from the endogenous antioxidant network, 
deregulation in intracellular signaling will develop, 
and ultimately resulting in a pathological situation 
including insulin resistance [62]. In the present study, 
exercise training did not significantly modify TAC 
in aged animals. This result suggested that 
acknowledged mechanism of the action of exercise 
through its antioxidant activity could not be 
involved in the reversal of age-related insulin 
resistance. There are few data concerning the 
exercise response of antioxidant enzymes at old age. 
Ji [63], in accordance with our results found no 
significant alteration in antioxidant enzymes in old 
rats after 1 h treadmill running. On the contrary, 
Teixeira-Lemos et al. [64] has recently found 

exercise to improve glucose metabolism and 
TAC. The effect of exercise depends mainly upon 
the type of exercise, its intensity, frequency, and 
duration [65]. Low-intensity treadmill exercise for 4 
weeks is effective for improving TAC in diabetic 
rats [66]. Also, eight weeks of moderate- intensity 
treadmill exercise is an appropriate method for 
enhancement of TAC [67]. On the other hand, 
swimming exercise with moderate intensity for 10 
weeks has no effect on serum TAC [68]. Also, there 
were no significant changes in TAC in the plasma 
of rats after swimming exercise at 2 different 
intensities; low intensity or high intensity [69]. 
Although it appears contradictory, these data 
suggest that for this specific variable (TAC), 
exercise type is more important than intensity. 

An age-related reduction of skeletal muscle 
GLUT4 expression in the present study could be 
expected. It was reported that 24-month-old animals 
that developed insulin resistance, had lower skeletal 
muscle Glut4 protein expression compared to 3-
 month control group [70]. Insulin resistance may 
result from diminished capacity for GLUT4 
synthesis [71]. Exercise training increased skeletal 
muscle Glut4 expression in 14M and 24 M animals. 
This conforms to the data published by Chibalin et 
al. [72] regarding the stimulatory effect of swimming 
exercise on skeletal muscles Glut4 expression. 
Exercise training increases transcription factors 
involved in GLUT4 gene expression [73].  

The present study suggested that regular 
physical exercise seems to play a beneficial role by 
which the age-associated insulin resistance can be 
efficiently prevented. The protective effect of 
exercise could be explained on the basis of 
suppression of circulating catecholamines and 
inflammatory cytokines as well as stimulation of 
skeletal muscle Glut4 expression. Other 
mechanisms might also be involved. 
Complementary studies are necessary to elucidate 
the effects of different types of exercise with 
variable intensity, frequency, and duration on age-
induced insulin resistance and other possible 
involved mechanisms as well. 

 
5. Conclusion 

In conclusion, the present study revealed that 
aging is associated with development of insulin 



 

Am. J. Biomed. Sci. 2017, 9(3), 127-138; doi:10.5099/aj170300127    © 2017 by NWPII. All rights reserved 

 

134 

resistance in rats and it seems reasonable to propose 
that exercise may play a beneficial role. This 
protective effect of exercise could be explained on 
the basis of suppression of circulating 
catecholamines and inflammatory cytokines as well 
as stimulation of skeletal muscle Glut4 expression.  
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