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ABSTRACT 
Project Code : MRG5180322 
Project Title : Effects of Exercise Training on Skeletal Muscle Insulin Action in  

Ovariectomized Rats  
Investigator : Assistant Professor Dr. Vitoon Saengsirisuwan 
   Department of Physiology, Faculty of Science, Mahidol University 
E-mail Address scvss@mahidol.ac.th 
Project Period : May 15, 2008 – May 14, 2010 
 

Since the prevalence and progression of the insulin resistance syndrome and 
diabetes strikingly increases in postmenopausal women, this phenomenon may be 
associated with estrogen deprivation. The present study investigated the effects of 
prolonged estrogen deprivation with or without endurance exercise training and estrogen 
replacement on the phenotypic features of the insulin resistance syndrome including 
visceral fat content, serum lipids, whole-body glucose tolerance, and insulin-stimulated 
muscle glucose transport activity. Female Sprague-Dawley rats were ovariectomized (OVX) 
or sham-operated (SHAM). OVX rats either remained sedentary, received 17β-estradiol 
(E2), performed exercise training (ET), or underwent both estrogen treatment and exercise 
training (E2+ET) for 12 weeks. Visceral fat content and LDL-cholesterol level were 
significantly increased in OVX animals when compared to SHAM. Insulin-stimulated muscle 
glucose transport activity in OVX group was lower than that in SHAM by 29% to 44% 
(P<0.05). Several metabolic defects observed in OVX group were corrected by ET and E2, 
partly due to elevated GLUT-4 protein expression. These findings indicate that prolonged 
estrogen deprivation brought about metabolic alterations mimicking phenotypic 
characteristics of the insulin resistance syndrome. These metabolic disturbances were 
attenuated by ET or E2, whereas the beneficial interactive effects of ET and E2 on these 
defects were not observed. 
 
Keywords: insulin resistance, glucose transport, obesity, exercise, estrogen, ovariectomy 
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อุบัติการณการเกิดโรคหัวใจและหลอดเลือดและโรคเบาหวานเพิ่มขึ้นในหญิงวัยหมด

ประจําเดือน สวนหนึ่งอาจเกิดจากภาวะขาดฮอรโมนเอสโตรเจน โครงการวิจัยน้ีศึกษาผลของการ
ขาดฮอรโมนเอสโตรเจนตอกลุมอาการดื้อตออินซูลินซึ่งเปนปจจัยเสี่ยงของการเกิดโรคหัวใจและ
หลอดเลือด ไดแก ปริมาณไขมันในชองทอง ระดับไขมันในเลือด ความสามารถของอินซูลินในการ
ควบคุมเมตาบอลิสมของน้ําตาลกลูโคสในระดับรางกายและที่กลามเนื้อลาย รวมทั้งศึกษาผลของการ
ออกกําลังกายแบบสม่ําเสมอและการใหฮอรโมนเอสโตรเจนทดแทนตอปจจัยที่กลาวมา โดย
ทําการศึกษาในหนูขาวเพศเมียที่ถูกตัดรังไขออก หนูกลุมหน่ึงออกกําลังกายอยางสม่ําเสมอบนลูวิ่ง 
อีกสวนหนึ่งออกกําลังกายรวมกับไดรับฮอรโมนเอสโตรเจนทดแทนเปนเวลา 12 สัปดาห จากนั้นวัด
ระดับไขมันในเลือดและปริมาณไขมันในชองทอง ทดสอบการตอบสนองของรางกายหลังจากการ
ปอนน้ําตาลกลูโคสและผลของอินซูลินในการกระตุนอัตราการขนถายกลูโคสเขากลามเนื้อลายโดยใช
สารรังสี การแสดงออกของโปรตีนที่ใชขนถายกลูโคสเขาเซลลกลามเน้ือ ผลการวิจัยพบวาหลังจากที่
หนูขาวเพศเมียถูกตัดรังไขออกมีลักษณะทางกายภาพและทางสรีรวิทยาคลายกับกลุมอาการดื้อตอ
อินซูลิน ไดแก มีไขมันสะสมในชองทองเพ่ิมขึ้น ไขมันในเลือดสูง เกิดความบกพรองระดับรางกาย
และที่กลามเน้ือลายในการควบคุมเมตาบอลิสมของน้ําตาลกลูโคส โดยการเปลี่ยนแปลงตางๆที่
เกิดขึ้นมีนัยสําคัญทางสถิติเม่ือเทียบกับหนูที่ไมถูกตัดรังไขออก ผลการวิจัยที่พบจึงบงชี้ถึง
ความสําคัญของฮอรโมนเพศจากรังไขตอเมตาบอลิสมของรางกาย นอกจากนี้ยังพบวาการออกกําลัง
กายแบบสม่ําเสมอและการใหฮอรโมนเอสโตรเจนทดแทนชวยแกไขภาวะดื้อตออินซูลิน โดยมีผล
เพ่ิมการแสดงออกของโปรตีนซึ่งมีหนาที่ขนถายกลูโคสเขาเซลลกลามเนื้อลายและมีผลลดระดับ
ไขมันในเลือด อยางไรก็ตาม การใหฮอรโมนเอสโตรเจนทดแทนรวมกับการออกกําลังกายไมทําให
เกิดความแตกตางเม่ือเทียบกับการใหฮอรโมนเอสโตรเจนทดแทนหรือการออกกําลังกายเพียงอยาง
เดียว  
 
คําหลัก : insulin resistance, glucose transport, obesity, exercise, estrogen, ovariectomy 



EXECUTIVE SUMMARY 
 

The “insulin resistance syndrome” or “metabolic syndrome” is a clustering of 
multifaceted condition characterized by a number of atherogenic risk factors, including 
glucose intolerance, insulin resistance of skeletal muscle glucose metabolism, 
hyperinsulinemia, dyslipidemia, essential hypertension, and central obesity. Individuals with 
this condition are at markedly elevated risk of diabetes and cardiovascular disease. 
Pathophysiology of the insulin resistance syndrome and diabetes is complex and involves 
both genetic and acquired factors, such as excessive caloric intake, physical inactivity, and 
ageing. Although ageing is a considerable factor in both men and women, the prevalence 
and progression of diabetes strikingly increases in women after postmenopause. This 
phenomenon is associated with estrogen deprivation during which increased fat mass and 
body weight aggravate the insulin-resistant condition. 

One of the most effective interventions for ameliorating the insulin resistance of 
skeletal muscle glucose transport and the compensatory hyperinsulinemia is exercise 
training. Moderate and high-intensity exercise training lead to improvements in glucose 
tolerance, primarily due to enhanced skeletal muscle insulin action. Although evidence 
suggests that increased insulin action on the glucose transport process following exercise 
training develops as a result of the upregulation of GLUT-4 protein expression and 
translocation to the sarcolemma, it remained unknown either in clinical, integrative, cellular, 
or molecular terms how exercise training would affect insulin action on insulin-responsive 
metabolic processes in an animal model of insulin resistance caused by estrogen 
deprivation mimicking postmenopausal condition. Therefore, the present study examined the 
effects of prolonged estrogen deprivation and the role of exercise training alone, estrogen 
replacement, and exercise training in combination with estrogen replacement on insulin 
action at the levels of whole-body and skeletal muscle tissue.  
 



OBJECTIVES 
 

1. To determine the effects of prolonged estrogen-deprived condition on whole-body 
and skeletal muscle insulin action by measuring the following parameters:- 

a. Whole-body insulin sensitivity by oral glucose tolerance tests 
b. Insulin action on skeletal muscle glucose transport 
c. Serum levels of circulating lipids including total cholesterol (T-Chol), high-

density lipoprotein cholesterol (HDL-Chol), and low-density lipoprotein 
cholesterol (LDL-Chol) 

d. Skeletal muscle levels of GLUT-4 protein expression 
 

2. To investigate how exercise training alone, estrogen replacement alone, and 
combined exercise training and estrogen replacement modulate aforementioned 
parameters in ovariectomized rats. 

 



MATERIALS & METHODS 
 
Animals and interventions 

Eight-week-old female Sprague-Dawley rats, weighing between 180-200 g, supplied 
by the National Laboratory Animal Center, Thailand, were individually housed in an 8x10 
inch hygienic hanging cages at the Center of Animal Facilities, Faculty Science, Mahidol 
University.  They were given regular rat chow and water ad libitum.  The housing unit was 
maintained at 22°C with a reversed 12/12-hour light/dark cycle (light on from 1800 to 0600 
hr).  Animal procedures were approved by the Institution of Animal Care and Use 
Committee, Faculty of Science, Mahidol University, in accordance with those of the National 
Laboratory Animal Center, Thailand. Rats were randomly assigned to either sham operation 
(SHAM, n = 10) or bilateral ovariectomy (n = 40).  Surgical procedure was performed under 
anesthesia through bilateral skin incision at the lower back as previously described [30].  
Animals were allowed to recover for 7 days after surgery.  Ovariectomized animals were 
further divided into 4 groups: OVX-control (OVX, n = 10), OVX given 17-β-estradiol 
(OVX+E2, n = 10), OVX undergoing endurance exercise training (OVX+ET, n = 10), or OVX 
undergoing endurance exercise training and given 17β-estradiol (OVX+ET+E2, n = 10). 

SHAM rats were injected subcutaneously with 0.1 ml of corn oil while OVX rats were 
randomly divided into two groups and subcutaneously injected with 0.1 ml of corn oil with or 
without 5 μg 17β-estradiol (Sigma Chemical) three times per week for 12 weeks as 
previously described [1].  Exercise-trained rats ran in the morning on a motorized treadmill 
5 days per week throughout the 12-week experimental period.  During the first 2 weeks, 
animals were accustomed to exercise by running at low exercise intensity (15 m/min at 0% 
grade for 5-15 min/day).  The duration of training, speed and slope of the running track 
were gradually increased to 60 min/day by week 6, continuously rotating through the 
following 15-min cycles: 18 m/min for 3 min, 22 m/min for 5 min, 25 m/min for 5 min, and 
27 m/min for 2 min at 4% grade.  Animals that received 17β-estradiol treatment underwent 
exercise training while also receiving estrogen replacement as described above.  

Body weight was monitored every other day.  The amount of food intake of each 
animal was measured over a 24 hour period using a metabolic cage, and the 
measurements were conducted at least 3 times per week. Each animal was initially 



provided with 30 g of pellet rat chow.  At the same time on the following day, the amount of 
food intake of each animal was calculated from the weight of food remaining in feeding 
sieve and discarded chow. 
 
Oral glucose tolerance tests  

Following a 12-week period of treatments, oral glucose tolerance test (OGTT) was 
performed on each animal as follows.  In the evening (1800 hr) of the day before the test, 
rats were food-restricted to 4 g of chow.  On the day of the test (0900 hr), ~24 hr after the 
last E2 treatment and/or the final exercise bout, tail blood was collected before glucose 
feeding (1 g/kg body wt) by gavage and 15, 30, 60, and 90 min after glucose challenge.  
Blood sample was mixed with anticoagulant and centrifuged at 13,000 g at 4°C for 1 min. 

Plasma was kept at -80°C and used for determination of glucose and insulin (Linco 
Research).  Immediately after OGTT, each animal was given 2.5 ml of sterile 0.9% saline 
subcutaneously to replace fluid loss. 
 
Assessment of muscle glucose transport activity   

Five days after OGTT, animals were food-restricted as described above.  At 0800 
hr, approximately 24 hr after the last E2 treatment and/or the last training session, animals 
were weighed and anesthetized with an intraperitoneal administration of a mixture of 
ketamine and xylazine.  Soleus and extensor digitorum longus (EDL) muscles were 
isolated.  Whole muscle was divided into two portions of approximately 20-25 mg and 
incubated for 60 min at 37°C in 3 ml of oxygenated Krebs-Henseleit buffer (KHB) 
supplemented with 8 mM D-glucose, 32 mM D-mannitol and 0.1% radioimmunoassay-grade 
bovine serum albumin (Sigma Chemical). One strip of EDL and one strip of soleus were 
incubated in the absence of insulin, and the other strips were incubated in the presence of 
a maximally effective concentration of insulin (2 mU/ml).  The flasks were continuously 
gassed with a mixture of 95% O2 and 5% CO2 throughout the incubation and transport 
study procedure.  After the first incubation period, muscle strip was rinsed for 10 min at 
37°C in 3 ml of oxygenated KHB containing 40 mM D-mannitol, 0.1% BSA, and insulin, if 
previously present.  Muscle strip was then incubated for 20 min at 37°C in 2 ml of KHB 
containing 1 mM 2-[1,2-3H]deoxyglucose (2-DG, 300 μCi/mmol; PerkinElmer Life Sciences), 



39 mM [U-14C]mannitol (0.8 μCi/mmol; PerkinElmer Life Sciences), 0.1% BSA, and insulin, 
if previously present.  At the end of the incubation period, muscle was removed and 
trimmed of excess fat and connective tissue, immediately frozen with liquid nitrogen and 
weighed.  The frozen muscles were solubilized in 0.5 ml of 0.5 N NaOH, and then 10 ml of 
scintillation cocktail were added.  The specific intracellular accumulation of 2-DG was 
determined as described previously [2] using mannitol to correct for extracellular 
accumulation of 2-DG.  Glucose transport activity was measured as the intracellular 
accumulation of 2-DG.  The contralateral soleus and EDL muscles were also removed, 
trimmed of fat and connective tissue, quickly frozen in liquid nitrogen, and used for 
determination of GLUT-4 protein level. 
 
Measurements of serum lipids   

After muscle tissues were removed, blood was collected from abdominal vein into 5 
ml syringe.  Whole blood was allowed to clot and then centrifuged at 3,000 g for 20 min to 
obtain serum, which was kept at -80ºC until determination of serum lipids.  Serum levels of 
total cholesterol, high-density lipoprotein (HDL)-cholesterol, and low-density lipoprotein 
(LDL)-cholesterol were determined.  
 
Determination of heart, uterine, and visceral fat weights   

Immediately after completion of blood collection, heart was detached and blood 
remaining in the heart chambers was drained.  Heart was frozen in liquid nitrogen and 
weighed.  Visceral fat was collected from the superficial area covering the alimentary tract, 
and the uterine was removed and weighed.  
 
Muscle GLUT-4 protein content 

Portions of muscles were homogenized as previously described [3].  These 
homogenates were used for determination of total protein (BCA method, Sigma Chemical) 
and then were solubilized in Laemmli’s buffer samples were separated in 12% pre-cast 
polyacrylamide gel (Pierce, Perbio Science) and transferred electrophoretically onto 
nitrocellulose paper. Protein blots were incubated with polyclonal antibody against GLUT-4 
(Santa Cruz Biotechnology), and subsequently were incubated with horseradish peroxidase-



conjugated (IgG-HRP) secondary antibody (Cell Signaling Technology).  Protein bands were 
visualized by enhanced chemiluminescence on hyper film.  Images were digitized and band 
intensities quantified using Image Master Totallab Software, version 3.0. 
 
Determination of protein carbonyl content   

The level of protein carbonyl formation is an indicator of tissue oxidative damage 
[4].  Protein carbonyl contents were assessed by using a spectrophotometric assay as 
described previously [5].  In brief, pieces of frozen tissues (30-50 mg) were homogenized in 
0.75 ml of 50 mM phosphate buffer (pH 7.4) containing 1 mM EDTA, 0.1% digitonin, and 
protease inhibitors (40 μg/ml phenylmethylsulfonyl fluoride, 5 μg/ml leupeptin, 7 μg/ml 
pepstatin, 5 μg/ml aprotinin).  Nucleic acids were removed with 1% streptomycin sulfate.  
The extracted soluble protein was then reacted with 10 mM 2,4-dinitrophenylhydrazine 
(DNPH) in 2.5 M HCl for 1 h in the dark at room temperature. Proteins were precipitated 
with 10% TCA, and the pellets were washed with 1:1 absolute ethanol/ethyl acetate mixture 
to remove free DNPH and lipid contaminants.  Final precipitates were dissolved in 6 M 
guanidine HCl and incubated at 37°C for 10 min.  The carbonyl contents of these samples 
were assessed by a spectrophotometric assay at 370 nm with an absorption coefficient of 
22,000 M-1/cm-1 whereas protein contents were quantified by reading the absorbance at 280 
nm using a BSA standard curve. 
 
Statistical analysis 

All values are expressed as means ± SE.  Differences among groups were 
determined by one-way ANOVA with a post hoc Fisher’s protected least significant 
difference test. The effects of endurance exercise training, estrogen replacement and 
interaction of both interventions in the 4 OVX groups were analyzed by two-way ANOVA.  
Statistical analyses were performed using SPSS 16.0.  A value of P < 0.05 is considered to 
be statistically significant. 
 



RESULTS 
Body and tissue weights 

Estrogen-deprivation by ovariectomy led to significant weight gain (p<0.001) 
compared to SHAM animals (Table 1).  Body weight gain observed in OVX rats was 
significantly reversed by estrogen replacement (25%) or by endurance exercise (6%).  
However, combined intervention of estrogen and endurance exercise training did not lead to 
a further reduction in body weight.  Effectiveness of ovariectomy was reflected by uterine 
weights (absolute and relative) of OVX animals being 3-4 fold lower than that of SHAM rats.  
Estrogen replacement resulted in 1.5-1.8 fold increase in uterine weights of OVX animals 
when compared to SHAM rats.  Exercise training resulted in heart weight-to-body weight 
ratio of OVX animals being significantly enhanced by 13% (Table 1).  As central obesity is 
one of the major phenotypes of metabolic syndrome, visceral fat weights of the animals 
were determined.  Compared to SHAM rats, a 29% increase (P < 0.05) in visceral fat 
content was observed in OVX animals, which was suppressed (P < 0.001) by intervention 
of estrogen replacement or exercise training.  Additionally, combined estrogen replacement 
and exercise training brought about the greatest reduction in visceral fat weights with a 
significant interactive effect when compared to the individual intervention (Table 1). 
 
Table 1. Initial and final body weight, total energy intake, uterine, heart and fat weight in sham-operated 
(SHAM) and ovariectomized (OVX) rats that received estrogen replacement (E2) and exercise training 
(ET). 

Values are means ± SE for 10 animals/group. * P < 0.05 vs. SHAM group; † P < 0.05 vs. OVX group; 
§P < 0.05 vs. OVX+ET. 



Food intake 
Total energy intake was calculated by multiplying energy in each gram of rat chow 

by average daily food intake calculated from at least 3 collections in one week during the 
12-week experimental period.  Total energy intake was significantly higher in OVX rats 
compared to SHAM and OVX animals that received estrogen replacement (Table 1).  OVX 
rats that underwent exercise training consumed a comparable total energy intake compared 
to sedentary OVX rats. 
 
Serum lipid profile 
Serum levels of total cholesterol (TC), HDL-cholesterol (HDL), LDL-cholesterol (LDL), and 
HDL and LDL to TC ratio are demonstrated in Table 2.  Compared to SHAM rats, 
ovariectomy led to a significant increase in TC (38%) and LDL (50%) with an insignificant 
increase in HDL.  Estrogen treatment produced an increase in HDL (63%) and a lowering in 
LDL (26%) levels.  Exercise training alone significantly reduced TC (18%) and LDL (19%) 
levels without any significant change in HDL.  Combined intervention brought about the 
same lipid profile as estrogen replacement alone.  
 
 
Table 2. Serum levels of total, high-density lipoprotein (HDL), low-density lipoprotein (LDL) cholesterol, 
HDL/total cholesterol, and LDL/total cholesterol in sham-operated (SHAM) and ovariectomized (OVX) 
rats that received estrogen replacement (E2) and exercise training (ET). 

 
Values are means ± SE for 10 animals/group. * P < 0.05 vs. SHAM group; † P < 0.05 vs. OVX group. 



OGTT responses 
Plasma levels of glucose and insulin in response to OGTT are shown in Figure 1.  

The basal levels of insulin and glucose at zero time point were not significantly different 
among the groups.  After glucose challenge, plasma insulin levels in OVX rats were 
significantly higher than the other experimental groups at the 15-min (34%-59%) and 30-min 
time points (37%-55%) (Fig. 1B).  These differences were not observed after 30 min.  At 
the 15-min time point, plasma glucose levels in OVX rats were significantly higher than the 
OVX groups that underwent ET and/or received E2 (14%-33%) and were approximately 
10% higher than the SHAM group (P > 0.05).  Significant differences in plasma glucose 
levels between the OVX group and the OVX groups that received E2 were still detected at 
the 30-min time point (19%) and last throughout the test (Fig. 1A).  The total areas under 
the curves (AUCs) for glucose and insulin were calculated.  The product of glucose AUCs 
and insulin AUCs is defined as glucose-insulin index (G-I index), and this index was used to 
reflect whole-body insulin sensitivity, with a low G-I index indicating a high whole-body 
insulin sensitivity.  Whereas glucose AUCs are not significantly different among all 
experimental groups, ovariectomy resulted in a significant rise in insulin AUCs compared 
with SHAM group (Fig. 1D).  As a result, G-I index in OVX group was highest among the 
five experimental groups.  G-I index was significantly reduced as a result of estrogen 
replacement (44%) or exercise training (29%), with the greatest reduction (51%) in the 
group that received combined intervention (Fig. 1E).  Nevertheless, the interaction between 
estrogen replacement and exercise training was not statistically significant. 
 



 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1. Glucose (A) and insulin (B) responses during 
an oral glucose tolerance test and area under curves 
(AUC) for glucose (C), insulin (D) and the glucose-
insulin index (G-I index) (E) in sham-operated (SHAM) 
and ovariectomized (OVX) rats that received estrogen 
replacement (E2), exercise training (ET), and estrogen 
replacement combined with exercise training (E2+ET).  
Data for AUC were calculated from glucose (A) and 
insulin (B) responses.  G-I index was the product of 
glucose AUC and insulin AUC for each individual 
animal.  Values are means + SE for 10 animals/group. 
*P < 0.05 vs. SHAM group; †P < 0.05 vs. OVX group; 
#P < 0.05 OVX vs. all other experimental groups; **P < 
0.05 OVX vs. OVX+E2, OVX+ET, OVX+E2+ET; §P < 
0.05 OVX vs. OVX+E2, OVX+E2+ET. 



Muscle glucose transport 
Basal and insulin-stimulated glucose transport activities in isolated soleus and EDL 

muscles are shown in Figure 2.  Basal 2-DG uptake was not different among experimental 
groups in both types of muscle.  Compared to SHAM group, insulin-stimulated and insulin-
mediated 2-DG transport rate in soleus muscle from OVX rats was reduced by 29% and 
43% respectively.  Estrogen supplement enhanced insulin-stimulated (24%) and insulin-
mediated (40%) 2-DG uptake.  Exercise training improved both parameters to about the 
same levels as estrogen treatment.  In EDL muscle, ovariectomy led to a similar response 
in insulin-stimulated glucose transport system as observed in soleus muscle.  Ovariectomy 
lowered insulin-stimulated and insulin-mediated 2-DG uptake by 44% and 87%, 
respectively.  Impaired insulin-stimulated and insulin-mediated 2-DG glucose transport 
activity in EDL muscle were corrected by estrogen replacement (46% and 90%, 
respectively) or exercise training (50% and 95%, respectively).  However, combined 
estrogen supplementation and exercise training under estrogen-deprived condition did not 
produce a further improvement in insulin action on glucose transport in both types of 
skeletal muscle.  



 

 
Figure 2. In vitro rates of 2-deoxyglucose (2-DG) uptake in soleus (SOL) (A) and extensor digitorum 
longus (EDL) (C) muscles in the absence (blank bars) and presence (filled bars) of insulin (2 mU/ml) and 
net increase above basal level for 2-deoxyglucose uptake due to insulin in soleus (B) and extensor 
digitorum longus (D) muscles of sham-operated (SHAM) and ovariectomized (OVX) rats after receiving 
estrogen replacement (E2), exercise training (ET), and estrogen replacement combined with exercise 
training (E2+ET).  Values are means + SE for 10 animals/group. *P < 0.05 vs. SHAM group; †P < 0.05 
vs. OVX group. 



GLUT-4 protein level 
A 12-week period of ovariectomy reduced total GLUT-4 protein level by 29% and 

32% in soleus and EDL respectively (Figure 3).  Intervention with estrogen or exercise 
training alone significantly restored GLUT-4 content in soleus (27% and 31% respectively) 
and EDL (34% and 26% respectively), whereas the combined intervention did not promote 
in an additive manner GLUT-4 level in insulin-resistant skeletal muscle induced by 
estrogen-deprived condition. 

 
 

 
 
 

Figure 3. Effects of estrogen replacement (E2), exercise training (ET), and estrogen replacement 
combined with exercise training (E2+ET) on whole muscle level of GLUT-4 protein in soleus (SOL) (A) 
and extensor digitorum longus (EDL) (B) muscles from ovariectomized (OVX) rats.  Data of sham-
operated (SHAM) group were used as control. Values are means + SE for 10 animals/group. *P < 0.05 
vs. SHAM group; †P < 0.05 vs. OVX group. 



Protein carbonyl level 
There is no significant difference in protein carbonyl content in both types of 

skeletal muscle among the experimental groups (Table 3), suggesting that oxidative 
damage of proteins is not responsible for adaptive changes in insulin action on muscle 
glucose transport as the result of ovariectomy, estrogen replacement, or endurance 
exercise training. 
 
 
Table 3. Protein carbonyl content in soleus (SOL) and extensor digitorum longus (EDL) muscle in sham-
operated (SHAM) and ovariectomized (OVX) rats that received estrogen replacement (E2) and exercise 
training (ET). 

Values are means ± SE for 10 animals/group. 



DISCUSSION 
 

The major findings of the present investigation emphasize the role of estrogen in the 
regulation of glucose homeostasis.  This study demonstrated that OVX rats exhibited four 
major characteristics of the insulin resistance syndrome, namely, increased visceral fat 
content, dyslipidemia, impaired glucose tolerance, and defect in insulin-mediated glucose 
uptake in skeletal muscle.  Furthermore, we report a novel observation that endurance 
exercise training effectively attenuated muscle insulin resistance induced by estrogen-
deprivation condition.  The beneficial effects of exercise training on glucose transport 
system were comparable to those by estrogen replacement, but the interactive effects by 
these two intervention strategies were not observed. 

It is well recognized that ovariectomy results in a substantial decrease in circulating 
17β-estradiol level and that OVX animals become hyperphagic and gain weight [6,7], 
reflecting a state in which positive energy balance occurs due to increased energy intake.  
As a state of positive energy balance was still observed in studies in which a limited 
amount of food is given to OVX animals [8], the accelerated rate for energy storage that 
occurs during an estrogen-deprived state is also due to decreased basal metabolic rate 
[8,9], decreased thermogenesis [9,10], and reduced voluntary activity [9].  Furthermore, 
increased energy flux is accompanied by concomitant adaptation of peripheral lipid 
metabolism that includes induction of pathways involved in fat accumulation, increased 
hepatic lipid production, and elevated levels of circulating lipoproteins [11].  In the present 
study, we observed elevated body weight gain, increased visceral fat accumulation and 
elevation of circulating levels of TC and LDL.  Moreover, our results, together with previous 
studies [6,12-14], demonstrated that increased weight gain, central adiposity and 
dyslipidemia following ovariectomy were reversed by estrogen supplement, findings clearly 
indicating that estrogen plays an essential role in the control of energy balance and that 
obesity occurring under estrogen-deprived condition is the combined result of a decline in 
energy expenditure and an increase in energy intake. 

Excessive caloric intake is an essential causal factor leading to insulin-resistant 
state and diabetes.  This notion has been demonstrated in animal models with defect in 
leptin function [15-17].  As OVX animals are hyperphagic, whether insulin-resistant condition 



also develops in the OVX animals has been a matter of controversy.  Elevated fasting 
insulin level, indicating whole-body insulin resistance, is observed 5 weeks after 
ovariectomy [18], while insulin sensitivity assessed by a glucose challenge following an 8-
week period of ovariectomy is not affected [6].  Our study demonstrated that fasting insulin 
level in OVX rats was not significantly different from SHAM animals, but during a glucose 
challenge, plasma levels of glucose and insulin in the OVX rats were significantly higher 
than SHAM, which brought about a significant increase in glucose-insulin index, indicating a 
state of whole-body insulin resistance in OVX rats.  Because whole-body glucose disposal 
after an oral or intravenous load is accomplished primarily by skeletal muscle, it was 
important to determine whether impaired glucose tolerance caused by withdrawal of ovarian 
hormones is associated with an alteration in insulin action at the tissue level.  Glucose 
transport activities were examined under basal and insulin-stimulated condition in slow-
twitch soleus muscle and fast-twitch EDL muscle.  Consistent with previous studies [19,20], 
we demonstrated a substantial decrease in insulin-stimulated glucose transport rate in both 
types of skeletal muscle.  Although these results are contrary to a report by Hansen et al 

[21], who observed no significant changes in insulin action following a 6-week period of 
ovarian hormone deficiency, one major difference between the two studies is the duration of 
sex hormone deficiency.   

Furthermore, we have investigated possible mechanisms that potentially help 
explain impaired insulin-stimulated glucose transport activity in skeletal muscle.  As 
estrogen is recognized to have antioxidant properties due to the presence of a phenolic 
group in the steroid structure, prolonged estrogen deprivation may enhance cellular 
oxidative damage.  Previous studies [22,23] using insulin-resistant obese and insulin-
sensitive lean Zucker rats indicated that protein oxidative damage in muscle tissue may 
contribute to insulin resistance.  Thus, the level of protein carbonyls, a tissue marker of a 
chronic state of oxidative stress, was measured in the present study.  Nevertheless, our 
results indicate that estrogen-deficient condition does not produce protein oxidative damage 
in muscles from OVX rats.  Therefore, these results suggest that skeletal muscle insulin 
resistance caused by estrogen deficiency was not associated with protein oxidative 
damage.  On the other hand, ovariectomy brought about a significant reduction in GLUT-4 
protein level in muscle tissue and this defect could be reversed by estrogen 



supplementation, indicating that the dampened action of estrogen on GLUT-4 protein 
expression may account, at least in part, for muscle insulin resistance under estrogen-
deprived state.  Even though our findings are contradictory with previous reports that 
showed GLUT-4 protein in OVX rats is unaffected [21,24], a recent study has demonstrated 
the role of estrogen in regulation of muscle GLUT-4 protein in estrogen receptor knockout 
mice, showing that reduction in GLUT-4 contributes to the insulin resistance observed in 
ERα-/- mice [25].  Future research is required to elucidate whether other proteins such as 
those in the insulin signaling cascade will be affected by the compromised action of 
estrogen.  Additionally, since a significant body of literature implicates the causal role of 
lipid intermediates in impairments of insulin signaling, the possibility that elevated lipid 
intermediates in OVX rats contribute to ovariectomy-induced skeletal muscle insulin 
resistance by interrupting the insulin signaling pathway remains to be verified. 

In addition to increased caloric intake resulting in a state of positive energy balance 
in OVX rats, it was reported that estrogen-deprived condition also leads to reduced 
voluntary activity [9].  We found that the animals that underwent endurance exercise 
training had a comparable level of food intake as that of sedentary OVX rats, but the final 
weight of the exercise-trained animals was significantly less than the sedentary OVX 
animals.  These findings indicate that exercise training program used in our study 
sufficiently enhanced energy expenditure.  In addition, chronic exercise training substantially 
reduced visceral fat weight, suggesting that the increased energy expenditure by exercise 
training prevented fat accumulation and/or enhanced fat utilization in this animal model of 
insulin resistance. 
 Beneficial effects of exercise training on lipid profile are reflected in reduced serum 
levels of TC [26] and LDL [27] as well as an increase in HDL [28], although changes in 
these parameters are not always consistently observed [29,30].  In the present study, 
regular treadmill exercise running effectively lowered the levels of total and LDL in OVX 
rats.  It is of interest to note that the level of HDL did not differ between OVX animals 
undergoing exercise training and those remaining sedentary.  HDL is enhanced by regular 
exercise in studies using animals [31] and human subjects [32].  Nevertheless, there are 
reports showing that HDL was not improved following exercise training under estrogen-



deprived condition, including those using OVX animals [14,33] and postmenopausal women 
[29,34]. 

Several lines of evidence support the notion that repeated bouts of physical activity 
enhance whole-body glucose utilization and improve insulin sensitivity in skeletal muscle 
[35], and prevent deterioration of glucose tolerance produced by high energy diet in obese 
Zucker rats [22,23].  These latter findings showed an increased GLUT-4 protein content and 
expression of some of the insulin signaling molecules, such as insulin receptor substrate-1 
[3].  Our current investigations raise a possibility that this may be also applicable to the 
insulin-resistant state induced by ovariectomy.  In addition, we examined the potential 
interactive effects of endurance exercise training and estrogen replacement.  Although we 
observe a significant interaction between exercise training and estrogen replacement on 
visceral fat content, these two interventions did not work in an additive fashion on glucose 
transport activity, suggesting that endurance exercise training and estrogen may share 
common mechanisms to correct defects in skeletal muscle insulin action caused by 
estrogen deficiency.  This notion is supported by observations that transcripts encoding 
estrogen signaling in skeletal muscle [36,37], cardiac muscle and liver [38] are enhanced by 
regular exercise.  Nevertheless, as the uterine weights of OVX animals receiving estrogen 
replacement denoted that these animals could be hyperestrogenic, it is also plausible that 
the potential interactive effects are overruled by the hyperestrogenic condition.  

In conclusion, we have presented evidence that prolonged ovariectomy leads to the 
development of a systemic metabolic condition representing phenotype features of the 
insulin resistance syndrome including increased visceral fat content, abnormal serum lipid 
profile, impaired glucose tolerance, and defective insulin-mediated skeletal muscle glucose 
transport.  Moreover, we have provided new evidence that whole body and skeletal muscle 
insulin resistance are effectively corrected by endurance exercise training alone and 
estrogen replacement alone.  In spite of this, we could find no evidence that exercise 
training could additively modulate insulin action in OVX animals that also received estrogen 
replacement. 
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Abstract

Estrogen is known to play a role in fat metabolism, but its role in carbohydrate metabolism remains controversial. We investigated
alterations in carbohydrate and fat metabolism after prolonged estrogen deprivation by determining body weight, food intake, visceral fat
content, serum lipids, glucose tolerance, and insulin action on glucose transport activity in isolated soleus and extensor digitorum longus
muscles. In addition, effects of endurance exercise training with or without estrogen replacement on metabolic alterations occurring under
estrogen deficiency were examined. Female Sprague-Dawley rats were ovariectomized (OVX) or sham-operated (SHAM). The OVX rats
remained sedentary, received 5 μg of 17β-estradiol (E2), performed exercise training (ET), or underwent both estrogen treatment and exercise
training (E2 + ET) for 12 weeks. Compared with SHAM, OVX animals had greater final body weights, visceral fat content, and serum levels
of total and low-density lipoprotein cholesterol (P b .05). Exercise training and E2 significantly reduced body weights (6% and 25%), visceral
fat (37% and 51%), and low-density lipoprotein cholesterol level (19% and 26%). Exercise training alone improved whole-body glucose
tolerance (29%), which was enhanced to the greatest extent (51%) in the ET rats that also received E2. Insulin-stimulated glucose transport
activity in OVX group was lower than that in SHAM by 29% to 44% (P b .05). Exercise training and E2 corrected the diminished insulin
action on skeletal muscle glucose transport in OVX animals, which was partly due to elevated glucose transporter–4 protein expression.
These findings indicate that 12 weeks of ovariectomy caused metabolic alterations mimicking features of the insulin resistance syndrome.
Furthermore, these metabolic disturbances were attenuated by ET or E2, whereas the beneficial interactive effects of ET and E2 on these
defects were not apparent.
© 2009 Elsevier Inc. All rights reserved.
1. Introduction

Estrogen insufficiency in postmenopausal women is a
status of permanent cessation of menstruation resulting from
loss of ovarian follicular activity. Postmenopausal women
are at risk for increased incidence of metabolic and
cardiovascular abnormalities including obesity, type 2
diabetes mellitus, and cardiovascular disease [1]. Alterations
in lipid metabolism and body fat distribution with estrogen
deficiency are thought to be substantial causal factors [2],
which are believed to contribute to an increased prevalence
of insulin resistance syndrome in postmenopausal women
compared with premenopausal population [3]; and this
⁎ Corresponding author. Tel.: +66 2 201 5504; fax: +66 2 354 7154.
E-mail address: scvss@mahidol.ac.th (V. Saengsirisuwan).
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postmenopausal worsening of metabolic profile may in turn
contribute to higher risk of cardiovascular disease.

Ovariectomized (OVX) animals have been used as models
for studying the effects of ovarian hormone deficiency. It is
well established that an increased daily energy consumption
[4,5], body mass [4-6], and fat mass [7] occur as a result of
ovariectomy. However, there are conflicting data on whether
ovariectomy also results in impaired energy and substrate
utilization. Ovariectomy in rats leads to decreased [8,9] or
unchanged tolerance to glucose challenge [4,10]. Decreased
insulin-stimulated glucose transport in skeletal muscle of
OVX rodents has been reported [8,11]. On the other hand,
Hansen et al [12] found that moderate duration of
ovariectomy does not alter insulin action on muscle glucose
transport but instead leads to a decline in contraction-
stimulated glucose transport activity.
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Hormone replacement therapy is one of the most effective
therapies used to reduce unfavorable postmenopausal
complications such as osteoporosis [13] despite its adverse
effects, such as an increased incidence of breast cancer and a
transient increase in venous thromboembolism [14]. In
addition, hormone replacement therapy has been demon-
strated to attenuate hypercholesterolemia [15], coronary
heart disease [16], and risk of developing type 2 diabetes
mellitus [17]. In OVX rodents, estrogen replacement
decreases fat accumulation, improves serum lipid profiles
[18,19], and restores insulin action on muscle glucose
transport [8,11].

It is well established that endurance exercise training
enhances whole-body insulin sensitivity and insulin action
on muscle glucose disposal in healthy individuals [20] and in
normal rodent models [21,22]. Moreover, previous studies
clearly demonstrated that endurance exercise training is an
effective intervention that leads to enhancements of insulin-
mediated glucose metabolism in animal models of obesity-
associated insulin resistance [23,24] as well as in humans
with glucose intolerance [25,26]. For example, improved
insulin action on the glucose transport process after exercise
training in the obese Zucker rat, an animal model of severe
skeletal muscle insulin resistance, occurs primarily through
an up-regulation of glucose transporter (GLUT)–4 protein
expression [27,28] and enhanced GLUT-4 translocation to
the sarcolemma [29]. Whereas increasing evidence demon-
strated the benefits of exercise training on insulin action in
the obese Zucker rat, the effects of exercise training on
insulin action in conditions with metabolic disturbances
caused by prolonged estrogen deprivation have not been
investigated. Furthermore, although it is clear that both
endurance exercise training and hormone replacement
individually improve insulin action in insulin-resistant
skeletal muscle, at present, there is no information regarding
how these 2 interventions might interact to modulate insulin
action in prolonged estrogen-deficient animals.

In this context, the objectives of this study were to assess
whether the estrogen-deprived condition leads to phenotypic
characteristics of the insulin resistance syndrome by
comparing central body fatness, whole-body glucose
tolerance, insulin action on muscle glucose transport, and
serum lipid profile in female rats after a 12-week period of
ovariectomy with those of sham-operated animals. This
investigation also examined the hypothesis that endurance
exercise training and hormone replacement in combination
could be beneficial to insulin action in OVX animals to a
greater extent than either intervention used individually.
2. Material and methods

2.1. Animals and interventions

Eight-week–old female Sprague-Dawley rats, weighing
between 180 and 200 g, supplied by the National Laboratory
Animal Center, Thailand, were individually housed in 8 ×
10–in hygienic hanging cages at the Center of Animal
Facilities, Faculty of Science, Mahidol University. They
were given regular rat chow (Perfect Companion, Samut-
prakarn, Thailand) and water ad libitum. The housing unit
was maintained at 22°C with a reversed 12/12-hour light/
dark cycle (light on from 6:00 PM to 6:00 AM) so that exercise
training occurs during the dark cycle when the animals are
most active. Animal procedures were approved by the
Institution of Animal Care and Use Committee, Faculty of
Science, Mahidol University, in accordance with those of the
National Laboratory Animal Center, Thailand. Rats were
randomly assigned to either sham operation (SHAM, n = 10)
or bilateral ovariectomy (n = 40). Surgical procedure was
performed under anesthesia through bilateral skin incision at
the lower back as previously described [30]. Animals were
allowed to recover for 7 days after surgery. Ovariectomized
animals were further divided into 4 groups: OVX control
(OVX, n = 10), OVX given 17β-estradiol (OVX + E2, n =
10), OVX undergoing endurance exercise training (OVX +
ET, n = 10), or OVX undergoing endurance exercise training
and given 17β-estradiol (OVX + ET + E2, n = 10).

The SHAM rats were injected subcutaneously with 0.1
mL of corn oil, whereas the OVX rats were randomly
divided into 2 groups and subcutaneously injected with 0.1
mL of corn oil with or without 5 μg 17β-estradiol (Sigma
Chemical, St Louis, MO) 3 times per week for 12 weeks as
previously described [30]. Exercise-trained rats ran in the
morning on a motorized treadmill 5 days per week
throughout the 12-week experimental period. During the
first 2 weeks, animals were accustomed to exercise by
running at low exercise intensity (15 m/min at 0% grade for
5-15 min/d). The duration of training, speed, and slope of the
running track were gradually increased to 60 min/d by week
6, continuously rotating through the following 15-minute
cycles: 18 m/min for 3 minutes, 22 m/min for 5 minutes, 25
m/min for 5 minutes, and 27 m/min for 2 minutes at 4%
grade. A steam of air blown on the backs of the animals was
used to encourage animals to run. Animals that received
combined treatment underwent exercise training while also
receiving estrogen replacement as described above.

Body weight was monitored every other day. The amount
of food intake of each animal was measured over a 24 hour
period using a metabolic cage, and the measurements were
conducted at least 3 times per week. Each animal was
initially provided with 30 g of pellet rat chow. At the same
time on the following day, the amount of food intake of each
animal was calculated from the weight of food remaining in
feeding sieve and discarded chow.

2.2. Oral glucose tolerance tests

After a 12-week period of treatments, oral glucose
tolerance test (OGTT) was performed on each animal as
follows. In the evening (6:00 PM) of the day before the test,
rats were food-restricted to 4 g of chow. On the day of the test
(9:00 AM), approximately 24 hours after the last E2 treatment
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and/or the final exercise bout, tail blood was collected before
glucose feeding (1 g/kg body weight) by gavage and 15, 30,
60, and 90 minutes after glucose challenge. Blood sample
was mixed with anticoagulant (18 mmol/L final concentra-
tion of EDTA) and centrifuged at 13 000g at 4°C for
1 minute. Plasma was kept at −80°C and used for
determination of glucose (Gesellschaft fur Biochemica und
Diagnostica, Wiesbaden, Germany) and insulin (Linco
Research, St Charles, MO). Immediately after OGTT, each
animal was given 2.5 mL of sterile 0.9% saline subcuta-
neously to replace fluid loss.

2.3. Assessment of muscle glucose transport activity

Five days after OGTT, animals were food-restricted as
described above. At 8:00 AM, approximately 24 hours after
the last E2 treatment and/or the last training session, animals
were weighed and anesthetized with an intraperitoneal
administration of a mixture of ketamine (50 mg/kg body
weight; Calypsol Inj, Gedeon Richter, Hungary) and
xylazine (10 mg/kg body weight; Xylaz, Farvet Labora-
tories, Bladel, the Netherlands). Soleus (SOL) and extensor
digitorum longus (EDL) muscles were isolated. Whole
muscle was divided into 2 portions of approximately 20 to
25 mg and incubated for 60 minutes at 37°C in 3 mL of
oxygenated Krebs-Henseleit buffer (KHB) supplemented
with 8 mmol/L D-glucose, 32 mmol/L D-mannitol, and 0.1%
radioimmunoassay-grade bovine serum albumin (BSA)
(Sigma Chemical). One strip of EDL and 1 strip of SOL
were incubated in the absence of insulin, and the other strips
were incubated in the presence of a maximally effective
concentration of insulin (2 mU/mL; Human R, Eli Lilly,
Indianapolis, IN). The flasks were continuously gassed with
a mixture of 95% O2 and 5% CO2 throughout the incubation
and transport study procedure. After the first incubation
period, muscle strip was rinsed for 10 minutes at 37°C in 3
mL of oxygenated KHB containing 40 mmol/L D-mannitol,
0.1% BSA, and insulin, if previously present. Muscle strip
was then incubated for 20 minutes at 37°C in 2 mL of KHB
containing 1 mmol/L 2-[1,2-3H]deoxyglucose (2-DG, 300
μCi/mmol; PerkinElmer Life Sciences, Boston, MA), 39
mmol/L [U-14C]mannitol (0.8 μCi/mmol, PerkinElmer Life
Sciences), 0.1% BSA, and insulin, if previously present. At
the end of the incubation period, muscle was removed and
trimmed of excess fat and connective tissue, immediately
frozen with liquid nitrogen, and weighed. The frozen
muscles were solubilized in 0.5 mL of 0.5 N NaOH, and
then 10 mL of scintillation cocktail (Ultima Gold,
PerkinElmer Life Sciences) was added. The specific
intracellular accumulation of 2-DG was determined as
described previously [31] using mannitol to correct for
extracellular accumulation of 2-DG. Glucose transport
activity was measured as the intracellular accumulation of
2-DG (in picomoles per milligram muscle wet weight per 20
minutes). The contralateral SOL and EDL muscles were also
removed, trimmed of fat and connective tissue, quickly
frozen in liquid nitrogen, and used for determination of
GLUT-4 protein level.

2.4. Measurements of serum lipids

After muscle tissues were removed, blood was collected
from abdominal vein into 5 mL syringe. Whole blood was
allowed to clot and then centrifuged at 3000g for 20 minutes
to obtain serum, which was kept at −80 °C until
determination of serum lipids. Serum levels of total
cholesterol (TC), high-density lipoprotein cholesterol
(HDL), and low-density lipoprotein cholesterol (LDL)
were determined using Dimension RxL Max (DADE
Behring, Marburg, Germany).

2.5. Determination of heart, uterine, and visceral fat weights

Immediately after completion of blood collection, heart
was detached; and blood remaining in the heart chambers
was drained. Heart was frozen in liquid nitrogen and
weighed. Visceral fat was collected from the superficial
area covering the alimentary tract, and the uterine was
removed and weighed.

2.6. Muscle GLUT-4 protein content

Portions of muscles were homogenized as previously
described [32]. These homogenates were used for determi-
nation of total protein (bicinchoninic acid method, Sigma
Chemical) and then were solubilized in Laemmli buffer [33].
Samples were separated in 12% precast polyacrylamide gel
(Pierce, Perbio Science, Northumberland, England) and
transferred electrophoretically onto nitrocellulose paper.
Protein blots were incubated with polyclonal antibody
against GLUT-4 (Santa Cruz Biotechnology, Santa Cruz,
CA) and subsequently were incubated with horseradish
peroxidase–conjugated (immunoglobulin G–horseradish
peroxidase) secondary antibody (Cell Signaling Technology,
Beverly, MA). Protein bands were visualized by enhanced
chemiluminescence (Cell Signaling Technology) on hyper-
film (Amersham Biosciences, Buckinghamshire, England).
Images were digitized and band intensities were quantified
using an Image Master TotalLab Software, version 3.0
(Amersham Pharmacia Biotech, Uppsala, Sweden).

2.7. Determination of protein carbonyl content

The level of protein carbonyl formation is an indicator of
tissue oxidative damage [34]. Protein carbonyl contents were
assessed by using a spectrophotometric assay as described
previously [35]. In brief, pieces of frozen tissues (30-50 mg)
were homogenized in 0.75mL of 50mmol/L phosphate buffer
(pH 7.4) containing 1 mmol/L EDTA, 0.1% digitonin, and
protease inhibitors (40 μg/mL phenylmethylsulfonyl fluoride,
5 μg/mL leupeptin, 7 μg/mL pepstatin, 5 μg/mL aprotinin).
Nucleic acids were removed with 1% streptomycin sulfate.
The extracted soluble protein was then reacted with 10 mmol/
L 2,4-dinitrophenylhydrazine in 2.5 mol/L HCl for 1 hour in
the dark at room temperature. Proteins were precipitated with



Table 1
Initial and final body weight; total energy intake; and uterine, heart, and fat weight in SHAM and OVX rats that received E2 and ET

SHAM OVX OVX + E2 OVX + ET OVX + E2 + ET

BW (g)
Initial weight 239.64 ± 2.73 236.29 ± 3.30 241.38 ± 3.96 235.95 ± 3.31 235.85 ± 3.52
Final weight (BW) 288.91 ± 2.97 322.54 ± 5.35⁎ 254.65 ± 5.34⁎,† 306.68 ± 7.29⁎,† 247.89 ± 3.78⁎,†

BW gain/d (g) 0.96 ± 0.05 1.43 ± 0.07⁎ 0.50 ± 0.04⁎,† 1.12 ± 0.06⁎,† 0.49 ± 0.05⁎,†

Total energy intake (kcal × 103) 3.99 ± 0.16 4.53 ± 0.15⁎ 3.91 ± 0.12† 4.25 ± 0.10 3.83 ± 0.14†

UW (mg) 455.76 ± 41.72 146.93 ± 18.16⁎ 810.58 ± 44.61⁎,† 173.31 ± 26.07⁎ 695.48 ± 34.36⁎,†

UW/kg BW 1.58 ± 0.14 0.46 ± 0.06⁎ 3.18 ± 0.18⁎,† 0.57 ± 0.09⁎ 2.81 ± 0.14⁎,†

HW (mg) 1005.36 ± 18.13 933.89 ± 46.45 891.52 ± 17.92⁎ 978.14 ± 24.80 889.57 ± 44.72⁎

HW/kg BW 3.48 ± 0.06 2.90 ± 0.14⁎ 3.50 ± 0.07† 3.19 ± 0.08† 3.59 ± 0.18†

FW (g) 9.88 ± 0.74 12.62 ± 0.84⁎ 6.08 ± 0.63⁎,† 7.89 ± 0.89† 5.91 ± 0.44⁎,†,§

FW/kg BW 34.19 ± 2.16 39.12 ± 2.15 23.86 ± 2.64⁎,† 25.71 ± 3.46⁎,† 23.83 ± 1.85⁎,†

Values are means ± SE for 10 animals per group. BW indicates body weight; UW, uterine weight; HW, heart weight; FW, fat weight.
⁎ P b .05 vs SHAM group.
† P b .05 vs OVX group.
§ P b .05 vs OVX + ET.
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10% trichloroacetic acid, and the pellets werewashedwith 1:1
absolute ethanol/ethyl acetate mixture to remove free 2,4-
dinitrophenylhydrazine and lipid contaminants. Final pre-
cipitates were dissolved in 6 mol/L guanidine HCl and
incubated at 37°C for 10 minutes. The carbonyl contents of
these samples were assessed by a spectrophotometric assay at
370 nm with an absorption coefficient of 22 000/(mol/L)/cm,
whereas protein contents were quantified by reading the
absorbance at 280 nm using a BSA standard curve.

2.8. Statistical analysis

All values are expressed as means ± SE. Differences
among groups were determined by 1-way analysis of
variance with a post hoc Fisher protected least significant
difference test. The effects of endurance exercise training,
estrogen replacement, and interaction of both interventions
in the 4 OVX groups were analyzed by 2-way analysis of
variance. Statistical analyses were performed using SPSS
16.0 (SPSS, Chicago, IL). A value of P less than .05 is
considered to be statistically significant.
3. Results

3.1. Body and tissue weights

Estrogen deprivation by ovariectomy led to significant
weight gain (P b .001) compared with SHAM animals
Table 2
Serum levels of TC, HDL, and LDL; HDL/TC; and LDL/TC in SHAM and OVX

SHAM OVX

TC (mmol/L) 2.25 ± 0.09 3.10 ± 0.09⁎

HDL (mmol/L) 0.53 ± 0.03 0.62 ± 0.02
LDL (mmol/L) 1.57 ± 0.07 2.34 ± 0.07⁎

HDL/TC 0.24 ± 0.01 0.20 ± 0.00⁎

LDL/TC 0.70 ± 0.01 0.76 ± 0.01⁎

Values are means ± SE for 10 animals per group.
⁎ P b .05 vs SHAM group.
† P b .05 vs OVX group.
(Table 1). Body weight gain observed in OVX rats was
significantly reversed by estrogen replacement (25%) or by
endurance exercise (6%). However, combined intervention
of estrogen and endurance exercise training did not lead to a
further reduction in body weight. Effectiveness of ovar-
iectomy was reflected by uterine weights (absolute and
relative) of OVX animals being 3- to 4-fold lower than those
of SHAM rats (Table 1). Estrogen replacement resulted in
1.5- to 1.8-fold increase in uterine weights of OVX animals
when compared with those of SHAM rats. Exercise training
resulted in heart weight to body weight ratio of OVX animals
being significantly enhanced by 13% (Table 1). As central
obesity is one of the major phenotypes of metabolic
syndrome, visceral fat weights of the animals were
determined. Compared with SHAM rats, a 29% increase
(P b .05) in visceral fat content was observed in OVX
animals (Table 1), which was suppressed (P b .001) by
intervention of estrogen replacement or exercise training. In
addition, combined estrogen replacement and exercise
training brought about the greatest reduction in visceral fat
weights, with a significant interactive effect when compared
with the individual intervention (Table 1).

3.2. Food intake

Total energy intake was calculated by multiplying energy
in each gram of rat chow by average daily food intake
calculated from at least 3 collections in 1 week during the 12-
rats that received E2 and ET

OVX + E2 OVX + ET OVX + E2 + ET

3.20 ± 0.13⁎ 2.61 ± 0.08⁎,† 3.16 ± 0.16⁎

0.98 ± 0.05⁎,† 0.55 ± 0.02 0.87 ± 0.04⁎,†

1.85 ± 0.10⁎,† 1.97 ± 0.06⁎,† 1.97 ± 0.10⁎,†

0.31 ± 0.01⁎,† 0.21 ± 0.01⁎ 0.28 ± 0.01⁎,†

0.58 ± 0.03⁎,† 0.76 ± 0.01⁎ 0.62 ± 0.01⁎,†



Fig. 1. Glucose (A) and insulin (B) responses during an OGTT, AUC for
glucose (C) and insulin (D), and the G-I index (E) in SHAM and OVX rats
that received E2, ET, and E2 + ET. Data for AUCwere calculated fromglucose
(A) and insulin (B) responses. TheG-I index was the product of glucose AUC
and insulin AUC for each individual animal. Values are means ± SE for 10
animals per group. ⁎P b .05 vs SHAMgroup; †P b .05 vs OVXgroup; #P b .05
OVX vs all other experimental groups; ⁎⁎P b .05 OVX vs OVX+ E2, OVX +
ET, OVX + E2 + ET; §P b .05 OVX vs OVX + E2, OVX + E2 + ET.
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week experimental period. Total energy intake was sig-
nificantly higher in OVX rats compared with SHAM and
OVX animals that received estrogen replacement (Table 1).
Ovariectomized rats that underwent exercise training con-
sumed a comparable total energy intake compared with
sedentary OVX rats.

3.3. Serum lipid profile

Serum levels of TC, HDL, and LDL, and the HDL and
LDL to TC ratio are demonstrated in Table 2. Compared with
SHAM rats, ovariectomy led to a significant increase in TC
(38%) and LDL (50%), with an insignificant increase in
HDL. Estrogen treatment produced an increase in HDL
(63%) and a lowering in LDL (26%) levels. Exercise training
alone significantly reduced TC (18%) and LDL (19%) levels
without any significant change in HDL. Combined inter-
vention brought about the same lipid profile as estrogen
replacement alone.

3.4. OGTT responses

Plasma levels of glucose and insulin in response to OGTT
are shown in Fig. 1. The basal levels of insulin and glucose at
zero time point were not significantly different among the
groups. After glucose challenge, plasma insulin levels in
OVX rats were significantly higher than those in the other
experimental groups at the 15-minute (34%-59%) and 30-
minute time points (37%-55%) (Fig. 1B). These differences
were not observed after 30 minutes. At the 15-minute time
point, plasma glucose levels in OVX rats were significantly
higher than those in the OVX groups that underwent ET and/
or received E2 (14%-33%) and were approximately 10%
higher than those in the SHAM group (P N .05). Significant
differences in plasma glucose levels between the OVX group
and the OVX groups that received E2 were still detected at
the 30-minute time point (19%) and lasted throughout the
test (Fig. 1A). The total areas under the curves (AUCs) for
glucose and insulin were calculated. The product of glucose
AUCs and insulin AUCs is defined as the glucose-insulin
index (G-I index) [24]; and this index was used to reflect
whole-body insulin sensitivity, with a low G-I index
indicating a high whole-body insulin sensitivity. Whereas
glucose AUCs are not significantly different among all
experimental groups, ovariectomy resulted in a significant
rise in insulin AUCs compared with SHAM group (Fig. 1D).
As a result, the G-I index in OVX group was highest among
the 5 experimental groups. The G-I index was significantly
reduced as a result of estrogen replacement (44%) or exercise
training (29%), with the greatest reduction (51%) found in
the group that received combined intervention (Fig. 1E).
Nevertheless, the interaction between estrogen replacement
and exercise training was not statistically significant.

3.5. Muscle glucose transport

Basal and insulin-stimulated glucose transport activities
in isolated SOL and EDL muscles are shown in Fig. 2. Basal



Fig. 2. In vitro rates of 2-DG uptake in SOL (A) and EDL (C) muscles in the absence (blank bars) and presence (filled bars) of insulin (2 mU/mL) and net
increase above basal level for 2-DG uptake due to insulin in SOL (B) and EDL (D) muscles of SHAM and OVX rats after receiving E2, ET, and E2 + ET.
Values are means ± SE for 10 animals per group. ⁎P b .05 vs SHAM group; †P b .05 vs OVX group.

ig. 3. Effects of E2, ET, and E2 + ET on whole muscle level of GLUT-4
rotein in SOL (A) and EDL (B) muscles from OVX rats. Data of SHAM
roup were used as control. Values are means ± SE for 10 animals per group.
P b .05 vs SHAM group; †P b .05 vs OVX group.
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2-DG uptake was not different among experimental groups
in both types of muscle. Compared with SHAM group,
insulin-stimulated and insulin-mediated 2-DG transport rate
in SOL muscle from OVX rats was reduced by 29% and
43%, respectively. Estrogen supplement enhanced insulin-
stimulated (24%) and insulin-mediated (40%) 2-DG uptake.
Exercise training improved both parameters to about the
same levels as estrogen treatment. In EDL muscle,
ovariectomy led to a similar response in insulin-stimulated
glucose transport system as observed in SOL muscle.
Ovariectomy lowered insulin-stimulated and insulin-
mediated 2-DG uptake by 44% and 87%, respectively.
Impaired insulin-stimulated and insulin-mediated 2-DG
glucose transport activity in EDL muscle was corrected by
estrogen replacement (46% and 90%, respectively) or
exercise training (50% and 95%, respectively). However,
combined estrogen supplementation and exercise training
under estrogen-deprived condition did not produce a further
improvement in insulin action on glucose transport in both
types of skeletal muscle.

3.6. GLUT-4 protein level

A 12-week period of ovariectomy reduced total GLUT-4
protein level by 29% and 32% in SOL and EDL, respectively
(Fig. 3). Intervention with estrogen or exercise training alone
F
p
g
⁎



Table 3
Protein carbonyl content in SOL and EDL muscle in SHAM and OVX rats that received E2 and ET

SHAM OVX OVX + E2 OVX + ET OVX + E2 + ET

SOL (nmol/mg protein) 3.32 ± 0.22 3.20 ± 0.10 3.22 ± 0.07 3.29 ± 0.10 3.16 ± 0.18
EDL (nmol/mg protein) 3.76 ± 0.21 3.85 ± 0.24 3.70 ± 0.22 3.63 ± 0.28 3.51 ± 0.20

Values are means ± SE for 10 animals per group.
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significantly restored GLUT-4 content in SOL (27% and
31%, respectively) and EDL (34% and 26%, respectively),
whereas the combined intervention did not promote in an
additive manner GLUT-4 level in insulin-resistant skeletal
muscle induced by estrogen-deprived condition.

3.7. Protein carbonyl level

There is no significant difference in protein carbonyl
content in both types of skeletal muscle among the
experimental groups (Table 3), suggesting that oxidative
damage of proteins is not responsible for adaptive changes
in insulin action on muscle glucose transport as the result
of ovariectomy, estrogen replacement, or endurance
exercise training.
4. Discussion

The major findings of the present investigation emphasize
the role of estrogen in the regulation of glucose homeostasis.
We have shown that OVX rats exhibited 4 major
characteristics of the insulin resistance syndrome, namely,
increased visceral fat content, dyslipidemia, impaired
glucose tolerance, and defect in insulin-mediated glucose
uptake in skeletal muscle. Furthermore, we report a novel
observation that endurance exercise training effectively
attenuated muscle insulin resistance induced by estrogen-
deprived condition. The beneficial effects of exercise
training on glucose transport system were comparable to
those by estrogen replacement, but the interactive effects by
these 2 intervention strategies were not observed.

It is well recognized that ovariectomy results in a
substantial decrease in circulating 17β-estradiol level and
that OVX animals become hyperphagic and gain weight
[4,36], reflecting a state in which positive energy balance
occurs because of increased energy intake. As a state of
positive energy balance was still observed in studies in which
a limited amount of food is given to OVX animals [37], the
accelerated rate for energy storage that occurs during an
estrogen-deprived state is also due to decreased basal
metabolic rate [37,38], decreased thermogenesis [38,39],
and reduced voluntary activity [38]. Furthermore, increased
energy flux is accompanied by concomitant adaptation of
peripheral lipid metabolism that includes induction of
pathways involved in fat accumulation, increased hepatic
lipid production, and elevated levels of circulating lipopro-
teins [40]. In the present study, we observed elevated body
weight gain, increased visceral fat accumulation, and
elevation of circulating levels of TC and LDL. Moreover,
our results, together with previous studies [4-6,18], demon-
strated that increased weight gain, central adiposity, and
dyslipidemia after ovariectomy were reversed by estrogen
supplement, findings clearly indicating that estrogen plays
an essential role in the control of energy balance and that
obesity occurring under estrogen-deprived condition is the
combined result of a decline in energy expenditure and an
increase in energy intake.

Excessive caloric intake is an essential causal factor
leading to insulin-resistant state and diabetes. This notion has
been demonstrated in animal models with defect in leptin
function [41-43]. As OVX animals are hyperphagic, whether
insulin-resistant condition also develops in the OVX animals
has been a matter of controversy. Elevated fasting insulin
level, indicating whole-body insulin resistance, is observed 5
weeks after ovariectomy [44], whereas insulin sensitivity
assessed by a glucose challenge after an 8-week period of
ovariectomy is not affected [4]. Our study demonstrated that
fasting insulin level in OVX rats was not significantly
different from that in SHAM animals; but during a glucose
challenge, plasma levels of glucose and insulin in the OVX
rats were significantly higher than those in SHAM, which
brought about a significant increase in G-I index, indicating a
state of whole-body insulin resistance in OVX rats. Because
whole-body glucose disposal after an oral or intravenous
load is accomplished primarily by skeletal muscle, it was
important to determine whether impaired glucose tolerance
caused by withdrawal of ovarian hormones is associated with
an alteration in insulin action at the tissue level. Glucose
transport activities were examined under basal and insulin-
stimulated condition in slow-twitch SOL muscle and fast-
twitch EDL muscle. Consistent with previous studies [8,11],
we demonstrated a substantial decrease in insulin-stimulated
glucose transport rate in both types of skeletal muscle.
Although these results are contrary to a report by Hansen et
al [12], who observed no significant changes in insulin action
after a 6-week period of ovarian hormone deficiency, 1 major
difference between the 2 studies is the duration of sex
hormone deficiency.

Furthermore, we have investigated possible mechanisms
that potentially help explain impaired insulin-stimulated
glucose transport activity in skeletal muscle. As estrogen is
recognized to have antioxidant properties due to the presence
of a phenolic group in the steroid structure, prolonged
estrogen deprivation may enhance cellular oxidative
damage. Previous studies [22,45] using insulin-resistant
obese and insulin-sensitive lean Zucker rats indicated that
protein oxidative damage in muscle tissue may contribute to
insulin resistance. Thus, the level of protein carbonyls, a
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tissue marker of a continuous state of oxidative stress, was
measured in the present study. Nevertheless, our results
indicate that estrogen-deficient condition does not produce
protein oxidative damage in muscles from OVX rats.
Therefore, these results suggest that skeletal muscle insulin
resistance caused by estrogen deficiency was not associated
with protein oxidative damage. On the other hand,
ovariectomy brought about a significant reduction in
GLUT-4 protein level in muscle tissue; and this defect
could be reversed by estrogen supplementation, indicating
that the dampened action of estrogen on GLUT-4 protein
expression may account, at least in part, for muscle insulin
resistance under estrogen-deprived state. Although our
findings are contradictory with previous reports that showed
GLUT-4 protein in OVX rats is unaffected [12,46], a recent
study has demonstrated the role of estrogen in regulation of
muscle GLUT-4 protein in estrogen receptor knockout mice,
showing that reduction in GLUT-4 contributes to the insulin
resistance observed in ERα−/− mice [47]. Future research is
required to elucidate whether other proteins such as those in
the insulin signaling cascade will be affected by the
compromised action of estrogen. In addition, because a
significant body of literature implicates the causal role of
lipid intermediates in impairments of insulin signaling (for a
review, see Savage et al [48]), the possibility that elevated
lipid intermediates in OVX rats contribute to ovariectomy-
induced skeletal muscle insulin resistance by interrupting the
insulin signaling pathway remains to be verified.

In addition to increased caloric intake resulting in a state
of positive energy balance in OVX rats, it was reported that
estrogen-deprived condition also leads to reduced voluntary
activity [38]. We found that the animals that underwent
endurance exercise training had a comparable level of food
intake as that of sedentary OVX rats, but the final weight of
the exercise-trained animals was significantly less than that
of the sedentary OVX animals. These findings indicate that
the exercise training program used in our study sufficiently
enhanced energy expenditure. In addition, long-term exer-
cise training substantially reduced visceral fat weight,
suggesting that the increased energy expenditure by exercise
training prevented fat accumulation and/or enhanced fat
utilization in this animal model of insulin resistance.

Beneficial effects of exercise training on lipid profile are
reflected in reduced serum levels of TC [20] and LDL [49] as
well as an increase in HDL [50], although changes in these
parameters are not always consistently observed [51,52]. In
the present study, regular treadmill exercise running
effectively lowered the levels of TC and LDL in OVX rats.
It is of interest to note that the level of HDL did not differ
between OVX animals undergoing exercise training and
those remaining sedentary. High-density lipoprotein choles-
terol is enhanced by regular exercise in studies using animals
[53] and human subjects [54]. Nevertheless, there are reports
showing that HDL was not improved after exercise training
under estrogen-deprived condition, including those using
OVX animals [18,19] and postmenopausal women [51,55].
Several lines of evidence support the notion that repeated
bouts of physical activity enhance whole-body glucose
utilization, improve insulin sensitivity in skeletal muscle
[21], and prevent deterioration of glucose tolerance produced
by high-energy diet in obese Zucker rats [22,45]. These latter
findings showed an increased GLUT-4 protein content and
expression of some of the insulin signaling molecules, such
as insulin receptor substrate–1 [32]. Our current investiga-
tions raise a possibility that this may be also applicable to the
insulin-resistant state induced by ovariectomy. In addition,
we examined the potential interactive effects of endurance
exercise training and estrogen replacement. Although we
observed a significant interaction between exercise training
and estrogen replacement on visceral fat content, these 2
interventions did not work in an additive fashion on glucose
transport activity, suggesting that endurance exercise train-
ing and estrogen may share common mechanisms to correct
defects in skeletal muscle insulin action caused by estrogen
deficiency. This notion is supported by observations that
transcripts encoding estrogen signaling in skeletal muscle
[56,57], cardiac muscle, and liver [58] are enhanced by
regular exercise. Nevertheless, as the uterine weights of
OVX animals receiving estrogen replacement denoted that
these animals could be hyperestrogenic, it is also plausible
that the potential interactive effects are overruled by the
hyperestrogenic condition.

In conclusion, we have presented evidence that prolonged
(12 weeks) ovariectomy leads to the development of a
systemic metabolic condition representing phenotype fea-
tures of the insulin resistance syndrome including increased
visceral fat content, abnormal serum lipid profile, impaired
glucose tolerance, and defective insulin-mediated skeletal
muscle glucose transport. Moreover, we have provided new
evidence that whole-body and skeletal muscle insulin
resistance is effectively corrected by endurance exercise
training alone and estrogen replacement alone. Despite this,
we could find no evidence that exercise training could
additively modulate insulin action in OVX animals that also
received estrogen replacement.
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